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Abstract
Two Regional Ocean Modelling System configurations, AGIO and ARC112, are developed to
investigate (1) the structure of the Agulhas leakage, (2) the dynamical link between the leakage
and the Agulhas Current, and (3) the sensitivity of this link to changes in the regional wind
field. Both configurations span the Indian Ocean and South East Atlantic Ocean (29oW - 115oE,
48.25oS - 7.5oN) at 1/4o resolution. ARC112 includes a two-way, AGRIF nested, 1/12o child
domain, encapsulating the Agulhas retroflection (0oE - 40oE, 45.5oS - 29.5oS).
Model evaluation shows that the basin-scale circulation patterns of the South Indian Ocean
are appropriately captured. Western boundary transports match those derived from in situ
hydrography, though source region fluxes exceed those observed. Both configurations exhibit
inertially governed retroflections and produce Agulhas rings with eddy kinetic energy patterns
consistent with those derived from altimetry. Improved topography in ARC112 yields a retro-
flection position and leakage value closer to observations. Dominant regional water masses are
captured, but discrepancies in their distributions remain, especially in highly turbulent areas.
The interannual variability of upper ocean heat content is well captured, and Indian Ocean
dipole modes are appropriately expressed.
Leakage is shown to be confined to the top 1500 m. Flux estimates, derived using comple-
mentary Eulerian passive tracer and Lagrangian virtual float techniques, converge where retro-
flection position is more accurate. Eddy flux, isolated using an Okubo-Weiss parameterisation,
contributes only 1/3 to the total flux at the GoodHope line, with a 2:1 anticyclone to cyclone
ratio. The remaining intra-ring flux occurs due to mixing between rings in the Cape Basin ther-
mocline, which contains up to 50% Indian Ocean waters. Using a hybrid-criteria eddy-tracking
scheme, ARC112i is shown to represent all three recently identified eddy paths, producing an
accurate number of rings and cyclones with trajectories and radii that mirror observations, des-
pite higher simulated speeds. A multi-decadal strengthening of the eddy component of Agulhas
leakage is ascribed to increases in anti-cyclone speed and cyclone size.
Linear changes in trade wind intensity, imposed through a series of idealised wind stress
anomalies, concomitantly modulate Agulhas Current transport. The leakage flux response to
changing western boundary current inertia is minimal, decreasing with higher resolution. Large
changes in eddy kinetic energy are associated with small leakage anomalies, suggesting that the
former is a poor leakage proxy. Initially, the leakage responds linearly to increasing westerly wind
intensity, but increased mixing between the Agulhas Return Current and Antarctic Circumpolar
Current reduces inter-basin flux as the latter adjusts. Consequently, it is suggested that Agulhas
Current and leakage magnitude may, to a degree, vary independently, and that multi-decadal
trends in the region may be a function of the wind forcing used. Equatorward shifts in the zero
line of wind-stress curl drive a small leakage increase, counter to proposed palaeoceanographic
mechanism where leakage is implied to reduce under these conditions.
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Chapter 1
What drives the greater Agulhas
system? An overview of the salient
features, dynamics and climatic role
of the South West Indian Ocean.
1.1 Introduction
Understanding the causes of past climate variability is essential when attempting to accurately
predict future climatic scenarios. The meridional overturning circulation, the mechanism via
which the oceans globally distribute heat and salt, is one of the predominant ocean systems that
govern this variability, and plays a defining role in determining the extent and phase of glaciation
events (Blunier et al., 1998; Ganopolski and Rahmstorf, 2001; Epica Community Members,
2006). Increasingly, evidence suggests that changes in the mesoscale dynamics of inter-ocean
"gateways" (e.g. the Drake Passage, the Indonesian Throughflow) can have a notable impact on
this global thermohaline circulation (Toggweiler and Samuels, 1995; Godfrey, 1996). The greater
Agulhas system, which acts to mediate buoyancy transfer in the "warm-water route" between
the Indian and Atlantic Ocean thermocline layers, is a significant example of such a feature (de
Ruijter et al., 1999a; Beal et al., 2011; Gordon, 1986).
The Agulhas Current (AC) is the major western boundary current of the Indian Ocean,
drawing its water from the turbulent upstream regions, the Mozambique Channel (MZC) and
East Madagascar Current (EMC), and via recirculation in the South West Indian Ocean (SWIO)
subgyre. Typically, western boundary currents, such as the Gulf Stream and Kuroshio Current,
break from their respective continental shelves due to interplay between inertia, topography and
the effects of the large-scale wind field (Veronis, 1973; Özgökmen et al., 1997). In contrast,
the sudden termination of the African continent causes the Agulhas to break from the shelf
around Port Elizabeth at 35oS, continuing south-westward into the open ocean without the
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steering effect of topography. Due to the balance between the inertia and vorticity, and the
proximity of the zero-line of wind stress curl, this jet "retroflects" sharply eastwards (Ou and
de Ruijter, 1986; Boudra and Chassignet, 1988; Lutjeharms and van Ballegooyen, 1988). Most
Agulhas waters negotiate this retroflection, and are returned to the Indian Ocean basin via the
meandering Agulhas Return Current (ARC) (de Ruijter et al., 1999a; Lutjeharms and Ansorge,
2001; Boebel et al., 2003b). Only a small component of thermocline water is shed from the
retroflecting jet, subsequently entering the Atlantic via the highly turbulent Cape Basin in
the form of Agulhas Rings (Gordon, 1986), filaments (Lutjeharms and Cooper, 1996) and the
Good Hope Jet (Gordon et al., 1995). This inter-basin flux, termed the Agulhas leakage (AL)
and estimated at v15 Sv (Richardson, 2007) in the top 1000 m (where 1 Sv = 1×106 m3s-1),
contributes heat and salt to the upper branch of the Atlantic Meridional Overturning Circulation
(AMOC), forming the upper thermohaline connection between the Indian and Atlantic Oceans
(Weijer et al., 1999).
The key climatic role played by the greater Agulhas system is possibly most evident in
palaeoclimatic records. Significant millennial scale variability in leakage magnitude, derived
from core based counts of tropical fauna in the Cape Basin, suggests that severe reductions in
inter-basin flux accompanied glacial phases (Peeters et al., 2004). In addition, ejections of large
pulses of Indian Ocean waters into the South Atlantic are associated with glacial terminations
T1 to T5 (ibid). These warm, saline water pulses are suggested to instigate a resumption
and strengthening of the AMOC in both ocean-only (Knorr and Lohmann, 2003) and coupled-
climate models (Weijer et al., 2001, 2002). Bard and Rickaby (2009) suggest that the magnitude
of inter-basin flux may be modulated by the latitude of the Sub-Tropical Front (STF), which
bounds the leakage corridor to the south. However, although Graham et al. (2012) show that
the latitude of the STF is determined by the latitude of the westerly wind belt, the location of
this belt during glacials remains poorly defined (Sime et al., 2013). Additionally, although some
coupled climate studies suggest that northward migration of the westerly winds would result in
a reduced leakage (Sijp and England, 2008), high-resolution ocean-only simulations show that
an equatorward shift may actually enhance leakage on the decadal scale (Durgadoo et al., 2013).
Historically, efforts to map the Agulhas Current began as early as the mid 1800s (Rennell,
1832), driven by the establishment of maritime trading routes around the southern tip of Africa.
Hydrographic observations followed soon after (van Gogh, 1857), but periods of sustained monit-
oring were largely absent until the mid 20th century. More recently in situ observations have been
gathered from numerous oceanographic cruises, beginning in the 1960s with the International
Indian Ocean Expeditions (Wust, 1960; Wyrtki, 1971) and Combined Agulhas Cruise (Bang,
1970). In addition, the installation of mooring stations such as the Agulhas Current Time-series
(ACT) and Indian-Atlantic Exchange in Present and Past Climate (INATEX) arrays and the
introduction of the satellite-based remote sensing platforms have helped to define the greater
Agulhas as a highly complex, turbulent system. However, whilst observational efforts to obtain
longer time series for the modern AC and associated leakage are underway (via the ACT array
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and hydrographic cruises along the GoodHope Line (Swart et al., 2008), respectively), many of
the processes that appear to define the behaviour of the system remain sparsely sampled.
In support of observations, theoretical and numerical models have been used to extensively
investigate the dynamics of the greater Agulhas. Many of these studies underline the key role the
basin-scale winds play in determining the behaviour of the system (de Ruijter, 1982; de Ruijter
et al., 1999a; Biastoch and Böning, 2013; Biastoch et al., 2009b; Rouault et al., 2009). However,
while hindcast simulations suggest that increases in Agulhas leakage occur concurrently with the
intensification and southward migration of the southern hemisphere westerlies (ibid), possibly
driven by anthropogenic influences (Thompson and Solomon, 2002; Gillett and Thompson, 2003;
Seidel et al., 2008), they fail to find a consensus on the long term trend in Agulhas Current
transport; a point of some debate. While the paucity of observations make it impossible to
validate the leakage trend, coupled ocean-ice models further suggest that the rise in heat flux
associated with a larger injection of Indian Ocean waters is largely responsible for the observed
increase in 20th century Atlantic Ocean heat content (Lee et al., 2011). Further, expansion
of the trend into future projections appear to reinforce the anthropogenic link (Biastoch and
Böning, 2013). More conceptually, it has been suggested that increases in the salinity of the
upper branch of the AMOC, driven by a larger leakage, could potentially oppose the effects of
the freshening northern Atlantic that is associated with increased, climate-change driven, ice
melt (Stammer, 2008; Gregory et al., 2005).
Recent observation suggest that the Indian Ocean trade winds are intensifying (Backeberg
et al., 2012) and southern hemisphere westerlies may be strengthening and progressing south-
wards (Swart and Fyfe, 2012; Thompson and Solomon, 2002; Gillett and Thompson, 2003).
Theory suggests that the stronger trade winds may effect the Agulhas leakage as the inertia of
the incoming Agulhas Current is increased. Concurrently, changes in the westerly wind system
may effect the leakage through modification of the sub-gyre and supergyre (Cai, 2006; Durgadoo
et al., 2013). This superposition of signals makes it difficult to attribute the changes seen in
hindcast models to specific mechanisms, and therefore to extrapolate conclusions into the pa-
laeoceanographic context. In addition, while modern hindcast models typically quantify leakage
in terms of volume flux, salinity flux may be a more useful diagnostic when considering pa-
laeoclimatic signals and the effect on the AMOC. With these factors in mind, this introductory
chapter presents an overview of the salient features of the Indian Ocean and the dynamics of
the greater Agulhas system, culminating in key questions that need to be addressed.
1.2 The Indian Ocean: A general overview
Historically, the Indian Ocean, the third largest1 of the world’s oceans at 68.5 x 106 km3, has
been somewhat overlooked in terms of its effects on global climate (Schott et al., 2009). Prior to
the identification of the dipole modes (Saji et al., 1999; Behera and Yamagata, 2001), its climatic
1https://www.cia.gov/library/publications/the-world-factbook/geos/xo.html
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role, other than through the monsoon, was considered to be somewhat passive; a slave to Pacific
El Niño Southern Oscillation (ENSO) signals (Latif and Barnett, 1995). However, Indian Ocean
sea-surface temperature (SST) signals are increasingly being shown to have a substantial impact
on both regional and global climate (Bader, 2003; Saji and Yamagata, 2003; Yang et al., 2007;
Reason, 2002). In addition, the wind field across the Indian Ocean gives rise to one of the most
energetic western boundary systems in the global ocean; the greater Agulhas Current system.
The high latent heat flux and evaporation associated with the warm western boundary current
has a notable effect on southern African climate, influencing regional rainfall (Jury et al., 1993),
atmospheric circulation (Reason, 2001) and the occurrence of extreme flooding events (Rouault
et al., 2002).
The Agulhas Current also exerts a substantial influence on the global climate system (Beal
et al., 2011). The AMOC describes the northward flow of warm waters in the surface ocean,
and southward return transport of cold waters at depth; transports substantial amounts of heat
northward, and playing a defining role in determining global climate. The upper branch of
the AMOC draws waters form two sources; intermediate waters through the ’cold-water’ route
originating in the Drake Passage, and thermocline waters derived from the ’warm-water’ route
originating in the Indian Ocean. The Agulhas system mediates the flux through this latter
route, partially determining the AMOC strength (Weijer et al., 1999) and by extension, plays a
key role in determining global climate variability on multi-decadal (Biastoch et al., 2008b; Lee
et al., 2011), centennial (Weijer et al., 2002), and glacial-interglacial timescales (Peeters et al.,
2004).
The Indian Ocean spans the tropical and southern mid-latitude wind systems, and is bounded
by land on three sides. In the north, the Red Sea, Persian Gulf, Arabian Sea and Bay of Bengal,
collectively termed the marginal seas, lie adjacent to the Asian continent. In the South, the
basin is open to the Southern Ocean, but is bounded by the STF. In the east, the maritime
continent and Australia form a semi-continuous barrier to the Pacific Ocean, broken only by
the Indonesian Seas equatorward of 40oS. Continental Africa separates the Indian Ocean from
the Atlantic Ocean along the entire western boundary to the shelf at Cape Agulhas at 35oS.
Poleward of this, the Atlantic and Indian Oceans lie adjacent to each other around 20oE. As
a result of the semi-enclosed nature of the basin, the circulation is highly dependant on the
regional wind field, exchanges across the STF, and the balance between the influx of Pacific
waters and volume loss to the Atlantic Ocean south of Africa. As the wind driven Agulhas
system mediates the inter-ocean exchange at this latter confluence, it plays a defining role in
the oceanography of the South West Indian Ocean region.
1.2.1 Seasonal to decadal wind variability
The large-scale circulation of the Indian Ocean is, to the first order, determined by the wind
field. Typically, tropical oceans display constant easterly winds along the equator, but the
Indian Ocean is anomalous in this respect. The seasonal monsoon cycle, which prevails over the
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Figure 1.1: Monsoon wind stress fields from the 1990-1998 National Center for Environmental Prediction
(NCEP) climatology (vectors) (Kalnay et al., 1996) and depths of 20oC isotherm (Z20) from Simple Ocean
Data Assimilation (SODA) (mean for 1992-2001, colour shaded) for (a) January, (b) June, (c) August,
and (d) November. [After Schott et al. (2009)]
low latitudes north of 10oS, is characterised by sharp reversals in the wind direction prominent
during the inter-monsoon periods (Schott et al., 2009) (Fig. 1.1). Consequently, the wind
stresses in the equatorial Indian Ocean are firstly, weak, and secondly, westerly in the annual
mean (Xie et al., 2002).
In contrast, the winds further south are much more stable, and are dominated by two belts;
the southeast trade winds between 10oS and 32oS, and the southern hemisphere westerlies (SHW)
between 32oS and 60oS. Negative wind stress curl contributes cyclonic vorticity to the ocean
between the equator and 17oS. Positive wind stress curl drives the anticyclonic flow of the
subtropical gyre between 17oS and 47oS (Marshall and Plumb, 2007). The extension of this
positive vorticity regime poleward of the African continent (35oS) is critical to the behaviour of
the Agulhas system.
In response to the monsoon, there is a small seasonal migration of the northern edge of the
wind field northwards during the austral winter (Schott et al., 2009). This seasonal modulation
of the subtropical wind field during March and September causes the subtropical gyre to extend
further south to a mean position of 43oS and intensify during these periods (Ffield et al., 1997).
The converse situation occurs in July and December, when the gyre shifts north to 38oS.
While the monsoon-driven seasonal cycle of the Indian Ocean represents the strongest mode
of variability, interannual signals, such as those associated with ENSO also exert a considerable
influence on regional ocean-atmosphere dynamics. Modification of the Walker circulation during
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Figure 1.2: Decadal trends of the surface wind stress of the subtropical Indian Ocean. Decadal trend
of the surface wind-stress magnitude for 1993-2009 from the CFSR reanalysis data. The vectors indicate
the direction and magnitude of the trend [After Backeberg et al. (2012)].
ENSO events, produces anomalous easterly wind bursts, inducing downwelling Rossby waves in
the ocean (Reason et al., 2000; Jury and Huang, 2004). In addition, sea-surface temperature
(SST) dipole patterns occur in both the tropics and subtropics; the tropical Indian Ocean Dipole
Mode (IOD) (Saji et al., 1999; Webster et al., 1999) and subtropical Indian Ocean Dipole mode
(STIOD) (Behera and Yamagata, 2001), respectively. In its positive phase, the IOD is expressed
through the formation of a warm (cold) pool in the tropical eastern (western) basins. It is
associated with anomalous easterly wind stresses at the equator, suggesting a large degree of
ocean-atmosphere coupling here (Ashok et al., 2001; Yu and Lau, 2005). Further south, a
positive STIOD state, defined as an anomalously cool pool off of Australia and warm pool south
of Madagascar, results in a more intense, southward shifted sub-tropical high, and stronger
attendant winds (Behera and Yamagata, 2001).
Western boundary currents, such as the Agulhas, are to some extent functions of their
adjacent wind-driven gyres, from where they derive their water mass properties and volume flux
(de Ruijter et al., 1999a). As such, it is feasible to assume that they will respond to the seasonal
and interannual wind variability described above. However, while Krug and Tournadre (2012)
derive an annual cycle in the Agulhas Current transport from altimetry, they do not link it to
any basin scale climatic mode. Schouten et al. (2002a) note that, in general, incoming Rossby
waves can be associated with western boundary eddy variability, and suggest in a later study
that this process may be subject to ENSO/IOD driven variability (Schouten et al., 2002b).
However, evidence that Agulhas Current transport retains an interannual component consistent
with ENSO/IOD phases remains elusive.
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Analysis of satellite era reanalysis winds across Indian Ocean winds since 1993, suggests
substantial decadal variability (Backeberg et al., 2012) (Fig. 1.2). In the subtropics, increases in
trade wind intensity (Han et al., 2010) have driven increasing turbulence in the Agulhas source
regions west and south of Madagascar. Further south, an intensification (Swart and Fyfe, 2012)
and poleward migration (Thompson and Solomon, 2002; Gillett and Thompson, 2003) of the
southern hemisphere westerlies (SHW) has been associated with an increased Agulhas leakage
(Biastoch et al., 2009b; Rouault et al., 2009; Durgadoo et al., 2013). Intensification of the SHW,
projected under intensified greenhouse forcing, implies that leakage may increase yet further in
the future (Biastoch and Böning, 2013).
1.2.2 Inter-ocean connections
Warm, fresh, waters from the Pacific enter the eastern tropical Indian Ocean via the complex
channels of the Indonesian Throughflow (ITF) (Gordon and McClean, 1999). Transports inferred
from hydrography suggest an ITF flux of 10 ± 10 Sv (Macdonald, 1998), consistent with directly
observed values Gordon and McClean (1999). Lee et al. (2002) considered the simulated effects
of reducing and blocking ITF, and established a link between it and the flow of the South
Equatorial Current (SEC), which weakens as ITF flux is constricted. Downstream, this in
turn affects the magnitude of the Agulhas Current transport. A blocked ITF also weakens
(strengthens) the seasonal (interannual) variation in the eastern thermocline, suggesting that it
represents a critical path via which the Pacific ENSO signal can be transmitted to the south
Indian Ocean. Ocean general circulation model (OGCM) simulations suggest that the Pacific
and Indian oceans are also connected by a secondary path south of Australia; the Tasman
Leakage. Observations (Sokolov and Rintoul, 2009) and inverse modelling studies (Ganachaud
and Wunsch, 2000) show that the westward transport between Tasmania and the Subtropical
Front can exceed can exceed 30 Sv; 26 ± 4 Sv as AAIW and 13 ± 3 Sv as SAMW. The local
contribution of these waters into the Indian Ocean at 115oE are inferred to be 10 ± 3 Sv and
3.7 ± 2.5 Sv, respectively (Ganachaud and Wunsch, 2000). Speich et al. (2002) and Speich
et al. (2007) considered the fate of the Tasman leakage waters in GCMs, determining that 3.2
Sv reaches the North Atlantic.
The African continent terminates at v35oS, equatorward of the zero line of wind-stress curl at
around 42oS. At the southern shelf tip, the Agulhas Current overshoots the continental margin,
heading southward as an inertial jet. The majority of the current turns back into the the Indian
Ocean through the Agulhas retroflection (Lutjeharms and van Ballegooyen, 1988), but some
incoming flux is ejected from into the Atlantic as the Agulhas leakage. Estimates from limited
observations suggest that, in the upper ocean, the export of Indian Ocean waters is between 2
Sv and 15 Sv (Richardson, 2007; Gordon et al., 1992; de Ruijter et al., 1999a), with far-reaching
consequences for the evolution of the AMOC (Gordon, 1986; de Ruijter et al., 1999a; Biastoch
et al., 2008b). However, the magnitude of this exchange is largely determined by the dynamics
of the Agulhas retroflection (Lutjeharms, 2006b), the complexities of which are a primary focus
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Figure 1.3: Lagrangian pathways of water parcels in a global model simulation. Colours indicate depths,
and numbers are transports (in Sv). [After Speich et al. (2007)].
of this review. Retroflection features and dynamics will be discussed fully in sections 1.3.3and
1.4.2.
Recent observations (Ridgway and Dunn, 2007) and global model simulations (Tilburg et al.,
2001; Speich et al., 2007) show the existence of a "supergyre" connecting the South Atlantic,
South Indian and South Pacific ocean basins. The southern supergyre branch is expressed
through eastward flow in the surface and deep waters north of the STF (figure 1.3). Without
inertial separation, the entire Agulhas Current would flow around the southern tip of Africa and
into the Atlantic Ocean (Ou and de Ruijter, 1986), forming the continuous northern supergyre
branch. While Veronis (1973) were first to suggest this possibility, he concedes that it has never
been observed. In reality the inertia of the Agulhas Current serves to chokes the inter-ocean link
(de Ruijter, 1982). This choking somewhat severs the northern branch, and inter-basin flux is
reduced to discrete bursts of Indian Ocean water in Agulhas rings. Recent observations suggest
that the supergyre has recently intensified and migrated poleward, due to the modification of
the SHW, driven by the depletion of Antarctic Ozone (Cai, 2006).
The Agulhas leakage connects the Indian Ocean to South Atlantic Ocean. The circulation
and water masses of the South Atlantic Ocean are comprehensively described in Peterson and
Stramma (1991) and Stramma and England (1999). The circulation of the South Atlantic
is dominated by the anticyclonic wind-driven sub-tropical gyre (Peterson and Stramma, 1991).
However, while the upper ocean in the subtropical gyre consists predominantly of South Atlantic
Central Water (SACW) of Atlantic origin, the SACW found in the tropical gyre further north
arrives from the South Indian Ocean Stramma and England (1999). Beneath this, two forms
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of Antarctic Intermediate Water (AAIW) predominate. One type is formed in the circumpolar
region of the Drake passage (Stramma and England, 1999), the other arrives from the Indian
Ocean through the Agulhas leakage (Rusciano et al., 2012). Contributions from the Indian
Ocean are transmitted across the South Atlantic basin through Agulhas Rings, which steadily
decay forming a transient component of the Benguela Current (Garzoli, 1999).
Recently, LADCP measurements taken during the 1995 R. R. S. Discovery cruise identified
the presence of an Agulhas Undercurrent. This lies underneath the Agulhas Current with a core
at around 1200 m, and transports North Atlantic Deep Water (NADW) east into the Indian
Ocean (Beal and Bryden, 1997). Its path remains somewhat unclear. However, simulations
suggest that the Agulhas Undercurrent does not appear to connect to deep currents in the MZC
due to topographic barriers (Biastoch et al., 2009a). In consequence, the undercurrent fails to
ventilate the wider Indian Ocean basin below 3000 m, and has little effect beyond the Natal
Valley (Biastoch et al., 2009a; Beal et al., 2006). Nevertheless, it may play a role in determining
water mass properties in the Agulhas Current (Biastoch et al., 2009a), and has ramifications for
the calculation of western boundary transport.
The Southern Ocean lies at the poleward boundary of the Indian Ocean. Analysis of CFC
tracers shows that waters of southern origin play a role in the ventilation of the south Indian
Ocean, with concentrations in the thermocline, intermediate and bottom waters decreasing to-
wards the north (Fine et al., 2008). Although the ITF and northern marginal seas are significant
sources of low and high salinity waters, respectively, their contribution to ocean ventilation is
less important than that of the Antarctic Intermediate Water (AAIW) and Sub-Antarctic Mode
Water (SAMW). Fine et al. (2008) suggest that the AAIW enters the intermediate levels of the
Indian Ocean via a north flowing boundary current in the southwest, which subsequently passes
east of Madagascar. The geostrophic study of Reid (2003) suggests that the bottom waters take
a similar path forming a deep western boundary current that traverses the eastern edge of the
Central and South Indian Ridges.
1.2.3 Basin-scale circulation
In the top 2000 m, the geostrophic flow of the south Indian Ocean is described by two basin-wide
gyres; cyclonic in the tropics and anti-cyclonic in the sub-tropics (Stramma and Lutjeharms,
1997; Reid, 2003) (figure 1.4). The tropical gyre extending from the equator to 10oS, and
subtropical gyre, extending from 17oS to 42oS and intensifying towards the southwest (Stramma
and Lutjeharms, 1997; Davis, 2005; Reid, 2003), are separated by westward flow in the SEC.
There are, however, some distinct differences between the depth integrated flow and that at the
surface. A schematic representation of the major current systems in the upper Indian Ocean is
shown in Fig. 1.5.
The SEC, augmented by transport contributions from the Pacific via the Indonesian
Throughflow (ITF), flows westward between 12oS and 25o (Lutjeharms, 2006b) with a negli-
gible meridional component to the flow (Hastenrath and Greischar, 1991). While predominantly
1.2. The Indian Ocean: A general overview 10
Figure 1.4: Streamfunction for Indian Ocean mean circulation at 900 m. Contours are labeled in units
of 1000 m2s-1 with an interval of 5000 m2s-1 plus contours at ±2000 m2 s-1. [After Davis (2005)]
a geostrophic current, the zonal flow during the austral winter is dominated by a wind-induced
Ekman component (Hastenrath and Greischar, 1991). Geostrophic estimates (Schott and Mc-
Creary, 2001) ascribe the SEC a transport of 39 Sv (where 1 Sv = 106 m3s-1). Earlier geostrophic
measurements by Hastenrath and Greischar (1991) estimates the volume transport at 13 Sv.
The SEC bifurcates at the Madagascar coast (at ∼17oS), splitting into the Northeast and East
Madagascar currents (referred to here as the NEMC and EMC, respectively) (Chapman et al.,
2003).
In the northern branch of the bifurcation, The NEMC transports ∼30 Sv northwards along
the coast around Cape Amber. Here, the flow splits again, dividing into a southern branch, which
is incorporated into the eddy rich Mozambique Channel (MZC), and a northern branch which
joins the East African Coastal Current (EACC). Westward pulses in the SEC directly influence
the formation of mesoscale eddies in the MZC (Backeberg and Reason, 2010), one of the source
regions of the Agulhas Current. The northward flowing EACC and southward flowing Somali
Jet meet at the northward extremity of the tropical gyre, where surface flow is dominated by the
eastward-flowing South Equatorial Counter Current (SECC). During the winter monsoon season
this current deviates into the southern hemisphere and weakens as the geostrophic eastward
flow is counterbalanced by the wind driven zonal Ekman transport (Hastenrath and Greischar,
1991). In the southern branch, the EMC transports an estimated v20.6 ± 6 Sv (Schott and
McCreary, 2001) southward along the coast of Madagascar until it splits at the southern tip of the
island, shedding dipole vortices. Here, the current makes a sporadic but sudden westward turn,
connecting to the recently discovered, but poorly observed, South Indian Ocean Countercurrent
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Figure 1.5: Indian Ocean schematic surface circulation. Black: mean flows without seasonal reversals.
Grey: monsoonally reversing circulation [After (Schott and McCreary, 2001)]: (a) Southwest Monsoon
(July-August). The ACC fronts are taken directly from Orsi et al. (1995). The subtropical gyre in the
Southern Hemisphere just 200 m below the sea surface differs significantly from the surface circulation,
as indicated by the dashed curve. Acronyms: EACC, East African Coastal Current; EICC, East Indian
Coastal Current; EMC, East Madagascar Current; LH and LL, Lakshadweep high and low; NEC, North
Equatorial Current; NEMC, Northeast Madagascar Current; and WICC, West Indian Coastal Current.
[After Talley et al. (2011)]
(SICC) (Siedler et al., 2006, 2009), which proceeds westward across the sub-tropical basin.
Typically, the zonally integrated wind stress curl over the basin would produce a continuous
western boundary current at the continental margin. However, the mean circulation along the
East African coast cannot be treated so simply due to the disruptive presence of Madagascar.
Consequently, the flow in the MZC and in the extensions of the EMC is observed to be tur-
bulent and eddy-rich (de Ruijter et al., 2002). As such, the Agulhas Current only forms as a
coherent western boundary current polewards of the southern point of Madagascar. The meso-
scale variability of the upstream source regions of the Agulhas provides a first indication of the
non-linearity which is a defining characteristic of the greater Agulhas system. The basin-scale
wind field at 31oS suggests a Sverdup solution of 28 to 48 Sv at the western boundary (Saunders
et al., 1999) (Josey et al., 2002). This solution is much less than the observed Agulhas Current
transport of 70 Sv (Bryden et al., 2005; Donohue and Toole, 2003) at this latitude. The shortfall
is accounted for by contributions from the Pacific, and as a consequence of local recirculation
and eddy-mean interaction. The Agulhas Current and it’s source regions will be discussed in
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Figure 1.6: Adjusted steric height at 3500 db (measured in 10 m2s-2 or 10 Jkg-1). Depths less than
3500 m are shaded (Reid, 2003).
detail in the section 1.3.
At the southern tip of Africa, the Agulhas Current overshoots the continental shelf, returning
sharply eastward. This hairpin-turn, termed the retroflection (Lutjeharms and van Ballegooyen,
1988), recycles the majority of western boundary waters back into the Indian Ocean, via the
Agulhas Return Current (ARC). The ARC forms a bridge between the South Atlantic and South
Indian Current (SIC) (Stramma, 1991; Lutjeharms and Ansorge, 2001), which flow eastward
along the northern edge of the Subtropical Front (STF). The STF forms the nominal southern
boundary of the Indian Ocean with the Antarctic Circumpolar Current. Historically, it has
been asserted that the STF occurs at the zero-line of wind-stress curl, however, recent studies
suggest that the two fail to coincide away from the western extrema of ocean basins, and that the
latitude of the STF is also determined by the dynamics of the ACC and topographical influences
(Graham et al., 2012)
Reid (2003) offers a comprehensive analysis of the geostrophic transports of the Indian Ocean.
The westward flowing South Equatorial Current (SEC) and the subtropical anticyclonic gyre
are shown to penetrate into the deep ocean, though surface flows are stronger. The tropical gyre
is more confined to the surface. In the deep ocean the bathymetric configuration begins to play
a significant role in circulation dynamics at a steric height of 2500 db (figure 1.6).
1.2.4 Bathymetry
Meridional ridges in the wider south Indian Ocean subdivide the basin into eastern, central and
western sub-basins (figure 1.7). These ridges, exerting a control on the circulation of the Indian
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Figure 1.7: Bottom topography of the south Indian Ocean. [After Matano et al. (2002)].
Ocean (figure 1.6) and serve to topographically insulate the southwest Indian Ocean from the
variations in the wider wind field (Matano et al., 1999). Numerical simulations show that this
insulation occurs through the suppression of the fast barotropic modes of seasonal adjustment
Kindle (1991); Matano et al. (1999). Ffield et al. (1997) note that, despite strong seasonal
variation in the basin-scale wind pattern, there is no analogous signal in the western boundary.
The lack of a linear Sverdrupian response in the Agulhas Current is, in part, ascribed to this
scattering of the more energetic barotropic modes into slower baroclinic components (Ffield
et al., 1997).
Although predominantly baroclinic, the barotropic component of the ITF may be similarly
inhibited by topography as it travels westward (Kindle, 1991). Further, Wang et al. (2001)
identify the Chagos Archipelago as a region in which the baroclinic Rossby wave signal breaks
down. However, a mechanism where the interference between the local, wind-forced, and remote,
ITF-forced, signals is used to explain this pattern. In a later sensitivity study, the effect of the
regional bathymetry of the Mascerene Plateau on the Rossby wave modulation of the Seychelles-
Chagos Thermocline Ridge was shown to be small (Hermes and Reason, 2009).
1.2.5 Hydrography
Strong zonal imbalances in the tropical evaporation and precipitation rates, the seasonal reversal
of the monsoon circulation and the impacts of the adjacent shelf seas give rise to a complex
hydrography (Wyrtki, 1971; Schott and McCreary, 2001; Gordon and McClean, 1999; Beal et al.,
2000). The major water masses of the Indian Ocean are presented in Fig. 1.8 and Fig. 1.9.
Broadly, they can be separated into three classes; those formed within the basin through open
ocean subduction, those formed through mixing, and those derived from external sources (Schott
and McCreary, 2001). Here they are discussed in relation to their distribution in the water
column, beginning with the surface and thermocline water masses (0 - 500 m depth ) and
latterly discussing the constituents of the intermediate (500 - 1500 m) and deep and abyssal
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Figure 1.8: Climatological temperature-salinity diagram of Indian Ocean water masses taken from
the Bay of Bengal (BB), northern Arabian Sea (AS), equatorial region of western basin (EQ), South
Equatorial Current (SEC), western exit of Indonesian Throughflow (ITF/AAMW), and Leeuwin Current
(LC). The Somali Current (SC) curve is from August 1993 measurements in northern upwelling wedge.
Core water masses indicated are Circumpolar Deep Water (CDW), Indian Deep Water (IDW), Antarctic
Intermediate Water (AAIW), Indian Central Water (ICW), Red Sea Water (RSW), Persian Gulf Water
(PGW), and Arabian Sea Water (ASW). Profiles are for respective winter seasons in each hemisphere.
[After Levitus and Boyer (1994a), Levitus and Boyer (1994b) and Schott and McCreary (2001)].
layers (1500 m to the ocean floor). An additional focus is placed on the SWIO and greater
Agulhas Current system.
In the northern Indian Ocean, the upper thermocline waters predominantly consist of water
masses formed in the Arabian Sea, Persian Gulf and Bay of Bengal. Arabian Sea Water (ASW),
formed seasonally in response to the northeast monsoon, subducts and spreads across the region
as a sub-surface salinity maximum (Schott and McCreary, 2001; Morrison, 1997; Schott and
Fischer, 2000). Similar to ASW in formation, but distinct in properties is the Persian Gulf
Water (PGW). This also forms a near salinity minimum, but its influence is constrained to
the northern Arabian Sea (Schott and McCreary, 2001). Latterly, the combined effects of river
run-off and increased precipitation in the Bay of Bengal (BB) give rise to a comparatively fresh
surface layer.
In the south-west Indian Ocean, Tropical Surface Waters (TSW) and Subtropical Surface
Waters (STSW) contribute to the surface and thermocline layers Fig. 1.9. The light, low-salinity
TSW is formed in the central Indian Ocean basin, near the equator (Jackett and MacDougall,
1997; Beal et al., 2006). The comparative freshness is the result of excess precipitation in the
tropics and mixing with North Pacific waters, arriving through the ITF.
While Pacific waters are comparatively saline east of the Indonesian Archipelago, strong
vertical mixing in the shelf seas causes them to be expressed as a salinity minimum in the
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Figure 1.9: A cartoon of the source regions and pathways of water masses that converge into the
Agulhas Current. Waters which are formed within the Indian Ocean are shown circled. Waters imported
from outside the Indian Ocean are not circled. Water masses are defined as follows: Red Sea Water
(RSW), ASLOW, Tropical Surface Water (TSW), Subtropical Surface Water (STSW), Southeast Indian
Sub-Antarctic Mode Water (SEISAMW), Sub-Antarctic Mode Water (SAMW), North Atlantic Deep
Water (NADW), Antarctic Intermediate Water (AAIW) [After Beal et al. (2006)].
eastern Indian Ocean basin (Field and Gordon, 1992). The TSW, carried westwards in the
SEC, is predominantly advected into the subtropics through the MZC (Beal et al., 2006; Swallow
et al., 1988), though some studies note its presence in the boundary currents east of Madagascar
(Swallow et al., 1988; Schott et al., 1988; Donohue and Toole, 2003).
The STSW forms in the eastern Indian Ocean (Wyrtki, 1971) between 25oS and 35oS (Tom-
czak and Godfrey, 1994; DiMarco et al., 2002). Equatorward of 28oS, it underlies the TSW
(Donohue and Toole, 2003), occupying depths between 200 m and 500 m. The STSW forms
a sub-surface salinity maximum at 200 m, and forms due to subduction driven by high evap-
oration west of 90oE. It is advected northward by the subtropical gyre and, like its tropical
counterpart is carried westward in the SEC, shallowing to 100 m in the western basin (Swallow
et al., 1988). However, unlike the TSW, which tends to be transported through the MZC at the
western boundary, the STSW predominantly re-enters the subtropics in the EMC (Beal et al.,
2006).
In the lower thermocline, the various subtropical water masses around 300 m are collect-
ively termed the Indian Ocean Central Water (ICW) (Beal et al., 2006). Of particular note
are the Southeast Indian Sub-Antarctic Mode Water (SEISAMW) (Wyrtki, 1971; Hanawa and
L.D.Talley, 2001) and Sub-Antarctic Mode Water (SAMW) (Fine, 1993; Donohue and Toole,
2003). Both water masses enter the Indian Ocean between 300 m and 500 m, after being formed
at convection sites along the STF. SAMW forms between 46oE and 62oE and SEISAMW east
of 80oE. ICW is incorporated into the subtropical gyre (Toole and Warren, 1993), spreading
westward in the SEC (Schott and McCreary, 2001), and eventually comprises the dominant
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mode waters of the Agulhas Current (Beal et al., 2006).
The intermediate levels are predominantly defined by the south-eastern input of fresh Ant-
arctic Intermediate Waters (AAIW) (Fine, 1993) and northern input of high salinity Red Sea
Water (RSW) (Beal et al., 2000). The AAIW, formed in the south Pacific (McCartney, 1977)
and advected eastward by the ACC south of the STF, enters the Indian Ocean near 60oE and
propagates northwards in the subtropical gyre to 10oS, where it is blocked by the equatorial
systems (Tomczak and Godfrey, 1994; Fine, 1993; Beal et al., 2006). The saline RSW forms
in the Red Sea basin, sinking in response to excess evaporation at the surface and spreading
south into the Arabian Sea. Although RSW flux has been estimated at only v0.5 Sv Murray
and Johns (1997), its very high salinity allows it to be traced through the MZC and into the
Agulhas Current (Beal et al., 2006). Beal et al. (2006) also characterise a high-salinity Arabian
Sea Low Oxygen Water (ASLOW), formed through the mixing of ASW and water masses from
the Bay of Bengal.
The bottom layers are characterised by Lower Circumpolar Deep Water / Antarctic Bottom
Water (CDW / AABW), which forms in the Southern Ocean (Emery, 2001). It enters the Indian
Ocean through the Madagascan and West Australian basins (Toole and Warren, 1993), but is
prevented from entering the central Indian Ocean basin by topography. Above this, the deep
waters are characterised by the high-salinity Indian Ocean Deep Water (IDW) (Mantalya and
Reid, 1995; Schott and McCreary, 2001), which forms either through deep upwelling of CDW
and subsequent mixing with the intermediate waters (Schott and McCreary, 2001), or as a result
of incomplete intermediate water formation in the Atlantic (Tomczak and Godfrey, 1994).
In the south west extreme of the basin, North Atlantic Deep Water (NADW) enters the
Figure 1.10: Simulated Atlantic Ocean heat content change in the upper 700 m in reference to the 1871
to 1900 baseline period obtained from the four model experiments. The EXP-CTR experiment is the
most realistically forced. The EXP-REM experiment highlights the contribution of increased Agulhas
leakage to observed Atlantic warming. The thick black line is the observed heat content of the Atlantic
Ocean, recomputed from (Levitus et al., 2009) for the Atlantic basin from 30oS to 75oN. [After Lee et al.
(2011)].
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Water Mass Temperature [oC] Salinity Neutral density [kg.m-3] Depth [m]
TSW 24.7-26.3 34.9-35.3 25.5-26.5 0-200
STSW 8.0-25.0 >35.5 25.8 200-500
ITF 8.0-25.0 34.4-35.0 26.5 - 26.7 300-500
ICW 7.0-15.0 34.6-35.8 26.6-26.8 300 -500
RSW 7.0-23.0 34.8-40.0 27.3-27.7 500-1500
AAIW 2.0-10.0 33.8-34.6 27.2-27.4 800-1200
IDW 4.0-7.0 34.7-34.8 27.1-27.7 1500-4000
AABW 1.0-2.0 34.6-34.7 27.5-27.7 >3500
NADW <2.0 34.8 28.0-28.1 >2500
Table 1.1: Characteristics of the major water masses of the SWIO. Acronyms are described in the text.
Values are drawn from Beal et al. (2006), You (1997), and Donohue and Toole (2003).
Indian Ocean through the Agulhas Undercurrent (Beal et al., 2006). Due to the constraining
effects of topography in the Natal Valley, the NADW is recirculates south at this point. However,
the portion of NADW that lies above 3000 m is able to escape the valley across through breaks
in the Mozambique Plateau (Beal et al., 2006). A summary of the properties of the Indian
Ocean water masses discussed in this section is given in table 1.1.
Anthropogenic forcing has driven a substantial increase in upper ocean heat content in recent
decades (Levitus et al., 2001; Barnett et al., 2001, 2005; Levitus et al., 2009). The Indian Ocean
is no exception, with substantial warming evident in the southern hemisphere. Further to this,
Alory et al. (2007) note that this warming signal is particularly strong in the top 800 m of the
subtropical Indian Ocean south of 40oS; a signal that they attribute to changes in dynamical
forcing and a latitudinal shift of the subtropical gyre. A warming signal has also been observed
in the Agulhas Current (Rouault et al., 2009), though its origin is somewhat unclear.
Since the mid-20th century, the surface layers of the South Atlantic have warmed more than
the South Indian and Pacific oceans combined (Levitus et al., 2009). Lee et al. (2011) examined
this warming signal and attribute much of the signal to the effects of the increased heat and
mass flux through the Agulhas leakage (Fig. 1.10). The CCSM model used in the simulations
performed by Lee et al. (2011) is not sufficient to resolve retroflection eddy-processes, and
potentially overestimates the magnitude of the Agulhas leakage. However, it is clear from Lee
et al. (2011) that any modification of the Agulhas leakage has substantial downstream effects in
the South Atlantic, and potentially on the AMOC as a whole (Weijer et al., 1999). With this
in mind, a specific focus is now given to the greater Agulhas system.
1.3 The greater Agulhas system: Observations and kinematics
The Agulhas Current, which flows along the coast of southern Africa from 27oS to 35oS, arises due
to the western intensification of the predominantly wind-driven south Indian Ocean subtropical
gyre (de Ruijter et al., 1999a). As such, western boundary responses are, to some extent, a
function of the behaviour of the gyre as a whole. However, the Agulhas Current is defined by
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substantial mesoscale variability in its source regions and at its retroflection at the southern tip
of Africa, making it impractical to discuss the western boundary responses without reference to
these components.
From a global perspective, the Agulhas leakage forms the key climatic feature of the western
boundary system (Beal et al., 2011); comprising those waters that are ejected from the Indian
Ocean, and are incorporated into the upper branch of the AMOC. The division of Agulhas
Current waters into leakage, and those retained by the Indian Ocean is determined by the non-
linear dynamics of the Agulhas retroflection. The retained waters are subsequently recirculated
back into the upstream Agulhas Current through the Agulhas Return Current and South West
Indian Ocean subgyre, forming a feedback loop with the source regions.
Considering the above, the greater Agulhas system is defined as incorporating the following:
the Agulhas source regions, the western boundary Agulhas Current (AC; section 1.3.2), its
associated Agulhas Undercurrent, the Agulhas retroflection (section 1.3.3), the Agulhas Return
Current (ARC; section 1.3.5) and the Agulhas leakage (AL; section 1.3.4). With regard to
the source regions; the Agulhas Current is supplied by contributions from three locations; the
Mozambique Channel (MZC; section 1.3.1.1), the East Madagascar Current (EMC; section
1.3.1.2) and re-circulated in the South West Indian Ocean subgyre (section 1.3.1.3). Beginning
with the source regions, each facet of the greater Agulhas system will be discussed in turn.
1.3.1 Source regions
1.3.1.1 The Mozambique Channel
Fig. 1.11 shows a schematic representation of the upstream source regions of the greater Agulhas
system. Driven by the trade winds, zonal flow in the tropical South Indian Ocean is characterised
by the South Equatorial Current (SEC), which flows westward in a broad band between the
subtropical gyre and the tropical monsoon system to the north (Schott and McCreary, 2001).
On encountering the east coast of Madagascar, the SEC splits into two branches around 17oS
(Chapman et al., 2003; Siedler et al., 2006); the northward flowing North East Madagascar
Current (NEMC) and the southward flowing East or South East Madagascar Current (EMC or
SEMC; the former term is adopted, throughout). On reaching Cape Amber, the NEMC travels
west towards the coast of Mozambique, where it bifurcates again. The southward fraction enters
the MZC; the remainder becomes the northward flowing East African Coastal Current (EACC).
Moored current measurements place the transport at the northern point of Madagascar at
26.9 ± 9.4 Sv (Schott et al., 1988), consistent with geostrophic estimates of 29.1 Sv (Swallow
et al., 1991). (Schott et al., 1988) noted substantial intra-seasonal variability in the flow, but only
a weak seasonal cycle. However, subsequent analysis of altimetry have determined a pronounced
semi-annual cycle (Backeberg and Reason, 2010). Analysis of ALACE drifters released in the
intermediate waters east of Madagascar highlight the presence of a gyre system in the north
of the channel, with many drifters sequestered around the Comores for months before exiting
to the north or south (Chapman et al., 2003). During this period the drifters recorded low
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Figure 1.11: A conceptual portrayal of the flow patterns in the greater Agulhas Current. [After
Lutjeharms (2006c)]
speeds, typically 5 cm.s-1, less than half the 11 cm.s-1 recorded at Cape Amber during the same
experiment.
Historically, the Mozambique Channel was considered to contain a continuous western bound-
ary current, carrying a constant flux of warm surface waters southward. Simulations of the South
West Indian Ocean imply that this would be the case in the absence of Madagascar (Penven
et al., 2006c). However, recent observations and model experiments show that this description
is invalid in the realistic case. Analysis of the in situ measurements collected during the ASCEX
cruise found no evidence of a western boundary current in the channel, instead characterising
the flow through a series of anticyclonic vortices, >300 km in diameter, which move steadily
poleward (de Ruijter et al., 2002) (Fig. 1.11). The eddies themselves are surface intensified, but
reach through the entire water column (de Ruijter et al., 2002), and contain water masses that
are markedly different to their surrounds, with heat and salt transport anomalies standing at
1.3 × 1020 J and 6.9 × 1012 kg, respectively (Swart et al., 2010).
Transport estimates for the Mozambique Channel suggest a net poleward transport of v16.7
Sv (van der Werf et al., 2010) across the narrowest point of the channel, though this value
may fluctuate from 20 Sv northwards to 60 Sv southwards as the anticyclonic eddies pass (Rid-
derinkhof and de Ruijter, 2003; van der Werf et al., 2010). From hydrographic observations,
Ridderinkhof and de Ruijter (2003); Quartly and Srokosz (2004); van der Werf et al. (2010)
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shows that this transport predominantly occurs through anti-cyclonic eddies, which form at a
rate of v4 year-1, with no observed seasonal signal. However, comparing ADCP transport meas-
urements with altimetry products, Schouten and de Ruijter (2003) note that the formation rate
in the northern channel is higher (7 year-1), ascribing the difference to modification by incoming
Rossby waves. Further, there is some evidence that eddy formation in the north of the channel
exhibits interannual and seasonal variability, related to Rossby waves associated with Indian
Ocean dipole modes (Palastanga et al., 2006), and transport pulses in the SEC (Backeberg and
Reason, 2010). van der Werf et al. (2010) also note that although no seasonal signal can be ex-
tracted from observations in the southern channel, it is prevalent in many models, possibly due
to an under-representation of signals at other spectral frequencies and, potentially, an incorrect
eddy generation mechanism and position in the north of the channel.
In the intermediate and deep waters, a northward flowing Mozambique Undercurrent is
observed to flow along the continental slope. ADCP measurements show the current to have
two cores at 1000 m and 2400 m, respectively carrying AAIW and NADW north with a total
transport of ∼5 Sv (de Ruijter et al., 2002). The intermediate waters are subsequently entrained
in the southward propagating eddies, returning to the Agulhas retroflection.
1.3.1.2 The East Madagascar Current
On the east coast of Madagascar, the EMC flows south along the continental shelf to Cape
Saint-Marie at 25.5oS. Employing the same tandem ship/mooring approach as above, Schott
et al. (1988) and Swallow et al. (1991) converged on a transport estimate of 20.6±6 Sv for the
EMC, a value echoed by a later synoptic survey of Donohue and Toole (2003). Little seasonal
variability was observed in the transport. Early comparisons of AVHRR derived sea-surface
temperature and drifter track data suggested that south of Madagascar, the EMC breaks from
the shelf and, much like the Agulhas, retroflects (Lutjeharms, 1988a,b). However, unlike in the
Agulhas, the background flow at this point is westerly, leading Quartly et al. (2006) to conclude
that a permanent retroflection was unlikely given the lack of an eastward flowing current between
25oS and 30oS to connect to. In contrast, de Ruijter et al. (2005) suggested that, for it to be a
permanent feature, the retroflection must necessarily be confined to the boundary layer.
This latter conclusion is supported by the ALACE drifter study of Chapman et al. (2003),
who found a near ubiquitous western flow in the subsurface, with little deviation northward
into the Mozambique Channel. However, earlier analysis of drift trajectories proved inconsistent
suggesting that both westward and southward drift tracks were of importance (Lutjeharms
et al., 1981; Lutjeharms, 1988a). Direct current measurements gathered during the ACEX cruise
appeared to reconcile the observations, highlighting the presence of a dipole vortex system,
consisting of a central jet with counter-rotating lobes on each side (de Ruijter et al., 2004).
Subsequent analysis of the TOPEX/POSEIDON altimetry products confirmed the presence of
the jet, with opposing anticyclonic and cyclonic eddies, v250 km in diameter, formed at regular
intervals (de Ruijter et al., 2004). Further hydrographic studies show that only the westward
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Figure 1.12: Schematic representation describing the modes of the EMC extension. The shading
indicates isobaths with 1000 m separation where greater depths correspond to darker shading. [After
Siedler et al. (2009)]
travelling anticyclonic eddies retain the water mass properties of the central jet (de Ruijter
et al., 2005). The cyclonic, lee eddies, which form during separation from the shelf, adopt a
more south-westward trajectory. As a consequence of vortex pair interaction, the mesoscale flow
regime in the Mozambique Basin is particularly irregular (de Ruijter et al., 2005).
Recent comparisons of high-resolution model data and satellite observations suggest that in
fact the retroflection of the EMC is a more permanent feature, joining with a recently identified
South Indian Ocean Countercurrent (SICC) (Siedler et al., 2006). A later study by Siedler
et al. (2009) concluded that the EMC has two modes of extension; a branch penetrating into
the Mozambique Basin and a branch which retroflects. Cyclonic and anticyclonic eddies are
spawned when the former of these two branches is in the appropriate configuration (Fig. 1.12).
Siedler et al. (2009) assert that 40% of the SEMC is retroflected, with half carried westward
as anticyclonic eddies and the remaining 10% south-westward as cyclonic eddies. Time series
analysis of the dipole vortex highlighted significant interannual variability in the formation rate.
de Ruijter et al. (2004) established a significant link between the formation of clusters of vortex
pairs and the occurrence of negative phases of the IOD and ENSO, related to the anomalously
strong flow of the EMC during these episodes.
1.3.1.3 Subgyre recirculation
Observations from moored current meters place Agulhas Current transport at 69.7 Sv (Bryden
et al., 2005). Together, the MZC and EMC contribute v30 Sv to this flux. The remaining 35 Sv
is derived from waters recirculated in the south west Indian Ocean subgyre, which recirculates
south of Madagascar (Fig. 1.3.1.3), making it the largest contributor to western boundary flux
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Figure 1.13: Schematic illustration of the flow field in the South Indian Ocean. The transports for the
upper 1000 m are given by the numbers in 5 Sv steps. [After Stramma and Lutjeharms (1997)]
(Stramma and Lutjeharms, 1997; Wyrtki, 1971). Approximately 85% of the total recirculated
waters are derived from the Agulhas Return Current (Lutjeharms, 2006b). These waters, which
consist of retroflected Indian Ocean waters, augmented by some Atlantic contributions, are
gradually shed by the Return Current west of 70oE (Lutjeharms and Ansorge, 2001).
1.3.2 The Agulhas Current
The Agulhas Current is the western boundary current of the South Indian Ocean. To the first
order, its poleward flow balances the equatorward transport of the subtropical gyre. It can be
considered as consisting of two distinct parts; a coherent northern section, which flows along the
western boundary between 28oS and Port Elizabeth at 33.5oS, and a more turbulent southern
section, poleward and westward of this (Harris et al., 1978; Lutjeharms, 1981). The behaviour
of the current in each zone is quite distinctive, and will be discussed separately, beginning in
the north.
Flow in the northern Agulhas is defined by narrow boundary flow along the shelf edge,
clearly evident from satellite SST products (Lutjeharms, 2006b) (Fig. 1.15, left panel). From
hydrographic surveys, Grundlingh (1983) determined the core of the current to be represented
by the intersection of the 10oC isotherm with the 200 m isobath (Fig. 1.15, right panel), with
surface temperatures and speeds around 22oC and 1.3 ± 0.3 m.s-1 (Grundlingh, 1980). From
moored current arrays, Bryden et al. (2005) determined that the current extends to v200 km
offshore and down to 2200 m depth.
Data from the World Ocean Circulation Experiment (WOCE) cruise finds that the current
extends from 2300 m to full depth offshore (Donohue et al., 2000). LADCP profiles describe
a V-shaped profile, with the Agulhas Undercurrent confined below 800 m on the inshore edge
(Beal and Bryden, 1999) (Fig. 1.14). The undercurrent carries v6 Sv northwards at speeds of
30 - 40 cm.s-1 (Donohue and Toole, 2003; Donohue et al., 2000). While the undercurrent does
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Figure 1.14: Model derived sample snapshots (5-day averages) (a and d) before and during the transition
of a (b and e) Natal Pulse and consecutive (c and f) Mozambique eddy: (a-c) showing vorticity (colour,
in 10-5s-1, blue = cyclonic, red = anticyclonic) and velocity (every 2nd vector) at 100 m depth, (d-f)
showing simultaneous speeds in a section off Port Shepstone (similar to Fig. 2).. [After Biastoch et al.
(2009a)]
carry some modified RSW northward again, the bulk of the undercurrent consists of NADW
(Bryden and Beal, 2001).
Unlike other western boundary currents (e.g. the Gulf Stream and Kuroshio), which typically
exhibit large scale meanders in their upper reaches, the flow structure in the northern Agulhas
is coherent and well defined. de Ruijter et al. (1999b) suggest that the stability of the northern
Agulhas Current is a direct consequence of the steep continental slope against which it flows. The
exception to this stability occurs around the Natal Bight around 29.5oS, where the slope gradient
relaxes generating a large solitary meander; the Natal Pulse (Grundlingh, 1979), discussed more
fully below. Grundlingh (1983) estimates that, in the absence of this meander, the current
deviates from its mean position by only ±15 km.
Agulhas Current transport estimates in this region, vary greatly from 9 Sv to 90 Sv (Bryden
et al., 2005). In general, the more recent 5-daily transport estimate of 69.7 ± 21.5 Sv (Bryden
et al., 2005; Beal and Bryden, 1999) (± 4.3 Sv standard error) is considered the most accurate
estimate. This value is frequently used as a target for model validation (e.g. Biastoch et al.
(2009a)).
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Figure 1.15: Left: Sea surface temperature picture of the northern Agulhas Current as gathered from
the NOAA 9 satellite for 26 August 1985 [After Lutjeharms (2006b)]. Right: Location of the core of the
northern Agulhas Current. Error bars show the standard deviation at each section, superimposed on the
bathymetry. The wider part of the continental shelf between Durban and Cape St. Lucia is termed the
Natal Bight [After Grundlingh (1983)].
Beal et al. (2006) note that the water masses inshore of the Agulhas core differ markedly
from those offshore. Inshore, water mass properties are consistent with those derived from the
Arabian Sea (ASW), Red Sea (RSW) and Indian Ocean equatorial waters (TSW). Offshore,
the waters are derived from Atlantic, Southern Ocean and subtropical Indian Ocean waters
(STSW). At the surface, and in the intermediate waters, the inshore water masses are separated
by a strong a strong cross frontal potential vorticity gradient and kinematic steering (Beal et al.,
2006). However, below the steering level, deep waters are able to mix freely. This steering level
rises when Natal Pulses pass (ibid).
The Natal Pulse is a sporadically occurring solitary meander in the northern Agulhas Current
(Grundlingh, 1979). It is generated in the region of the Natal Bight, a section of coastline north
of Durban that is defined by a notably wider continental shelf. Estimates of pulse generation
frequency around the bight are put at 50-240 days (de Ruijter et al., 1999b) and 4-6 year-1
(Lutjeharms, 2006a; Bryden et al., 2005). The pulse travels southwards at a speed of v20
km.day-1, steadily growing in size (van der Vaart and de Ruijter, 2001), spawning secondary
meanders in the main perturbation (Rouault and Penven, 2011). A synthesis of ASAR and
AVISO altimetry data products clearly associates the largest perturbations in the upstream
Agulhas Current with the passage of Natal Pulses (Rouault et al., 2010).
At Cape St Lucia, the northern coastal extremity of the bight, the Agulhas Current is
forced away from the coast and an upwelling cell consequently develops on its inshore side
(Lutjeharms et al., 2000). In addition, deviation of the current jet at this point introduces a
barotropic instability, giving rise to the fledgling meander. Lutjeharms (2006b) suggests that
pulse generation is a result of topographic changes associated with the widening shelf, as the shelf
slope is much less steep at this point. This conclusion is echoed by de Ruijter et al. (1999b) who
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Figure 1.16: Potential vorticity (10-6m-1s-1) of the layer between σθ 26.4 and 26.6, when (left) the
anticyclonic eddy is off the Natal Bight and (right) the eddy moves in the downstream of the Natal Bight
[After Tsugawa and Hasumi (2010)].
note that shallow slope gradient at this point also provides favourable conditions for meander
growth. However, the previous authors also note, that pulse generation is accompanied by an
anticyclonic eddy which sits to the east of Durban, originating in the southern Mozambique
Channel (or further east). Recent model simulations by Tsugawa and Hasumi (2010) suggest
that it is the interaction of the core of the Agulhas Current with this eddy that causes the Natal
Pulse, with the the topography being somewhat incidental (Fig. 1.16). A parallel experiment
from the same authors, in which a modified Natal Bight still generates a pulse appears to
support this latter argument, although the simulations in general appear to over-estimate the
rate of pulse generation. Between the Natal Bight and Port Edward, remote SST signals suggest
that secondary meanders develop behind the primary perturbation (Rouault and Penven, 2011).
The authors suggest that formation of these secondary features causes a possible cascade of
energy to smaller scales, dampening the meanders such that, by Port Elizabeth, only 1.6 pass
per year.
At Port Elizabeth, the continental shelf widens into the Agulhas Bank, signifying the start
of the southern Agulhas Current. Changes in the steepness of the continental slope, drive a
notable change in Agulhas behaviour (de Ruijter et al., 1999b). In contrast to the comparatively
stable northern current, the shallower gradient in the south allows for more freedom of lateral
movement. The flow here begins to develop meanders, which grow as they move downstream
(Lutjeharms, 2006b). As meanders move downstream, cyclonic eddies form on the landward
side of the current core, formed by the contrast between fast moving current water and slow
moving shelf water (Lutjeharms et al., 1989). These eddies are theorised to draw current waters
onto the shelf in the form of warm plumes, which are subsequently able to spread across the
bank. High-resolution ocean models support this hypothesis, suggesting that as eddies become
trapped against the Agulhas Bank shelf bight they spawn smaller cyclonic features at intervals
1.3. The greater Agulhas system: Observations and kinematics 26
of ∼20 days (Lutjeharms et al., 2003). These eddies propagate downstream at speeds 8 km day-1
(ibid).
As it proceeds westwards, the Agulhas Current overshoots the edge of the continental shelf
around 35oS and flows into the open-ocean as a free inertial-jet (de Ruijter, 1982). Estimates
of current speeds here are as high as 2 ms-1, with a total transport of 125 Sv, suggesting a
gain of 6 Sv for every 100 km travelled past the shelf (Jacobs and Georgi, 1977). Hydrographic
measurements by place the surface temperature at 23oC to 26oC and salinity at 35.4, similar to
the northern Agulhas (Gordon, 1986).
1.3.3 The Agulhas Retroflection
Once away from the shelf, the Agulhas Current makes a sharp eastward bend, the Agulhas
Retroflection (Lutjeharms et al., 1989), and returns into the Indian Ocean directly to the north
of the STF via the eastward flowing Agulhas Return Current (Lutjeharms and Ansorge, 2001).
The retroflection is highly turbulent and substantial eddy variability contributes to the highest
eddy kinetic energy signal in the global ocean. While the vast majority (>75%) of the incoming
mass flux negotiates this bend (Gordon, 1985; Gordon et al., 1987; Lutjeharms and van Balleg-
ooyen, 1988), the remainder is lost to the Atlantic Ocean through the Agulhas leakage (Gordon
et al., 1992), and, possibly southward across the discontinuous subtropical front (Dencausse
et al., 2011). The Agulhas leakage (section 1.3.4) forms the thermocline connection between the
Indian Ocean and upper branch of the AMOC, and is of key importance to global climate. As
the magnitude and nature of the leakage is determined by the dynamics of the retroflection, it
has been the focus of substantial amounts of theoretical research, numerical modelling and obser-
vational programmes. Here, only the latter component is discussed. The current understanding
of the physics governing the retroflection is discussed in section 1.4.2.
Despite the dramatic alteration to the course of the flow, the current maintains a constant
width and depth throughout the retroflection, penetrating to around 4000 m (Gordon et al.,
1987; Schmitz, 1996). Current speeds here mirror those of the Southern Agulhas Current, and
are up to 2 ms-1 (Lutjeharms, 2006b). The retroflection loop itself has a diameter of 300 - 400
km (Lutjeharms and van Ballegooyen, 1988), but its position is far from static (Lutjeharms and
Gordon, 1987). Instead, the retroflection loop continuously progrades into the South Atlantic
until an Agulhas Ring is occluded, and the loop is short-circuited, re-establishing itself in a more
easterly position (Lutjeharms and Gordon, 1987).
Deriving the retroflection position from absolute SSH data, Dencausse et al. (2010b) place
its mean position between 18oE and 20oE, with a defined annual signal (Fig. 1.17). There is
no apparent shift in the mean retroflection position between 1992 and 2005 (Dencausse et al.,
2010b; Backeberg et al., 2012). Of particular note is the upstream event of 2000/2001 during
which the retroflection was temporarily confined behind the Agulhas Plateau far to the east,
resulting in a change in seasonal phasing (Dencausse et al., 2010b). de Ruijter et al. (2004) assert
that this upstream event was triggered by the influx of a train of unusually coherent dipoles,
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Figure 1.17: Left: Averaged field of SSH (m) for the period 12 October 1992-18 May 2005. Contour
interval is 0.1 m. Right: Density of probability of the longitude of the retroflection point between 1992
and 2005 [After Dencausse et al. (2010b)].
produced in the extension of the EMC between late-1999 and mid-2000. During this period,
there was a hiatus in the production of Agulhas Rings (Dencausse et al., 2010b), leading to a
surmised reduction in leakage (van Sebille et al., 2009a).
Given the apparent relationship between retroflection position and Agulhas Ring occlusion,
attempts have been made to use the former as a proxy for Agulhas leakage. van Sebille et al.
(2009a) found that leakage and retroflection extent were significantly correlated in an eddy-
resolving model, and applied the derived linear regression to an altimetry derived signal. While
this approach suggested an implied leakage value of 13.2 Sv, consistent with observations, and
captured the 2000/2001 upstream event, in general the wide confidence intervals made the
relationship somewhat impractical for predictive purposes.
Numerous studies have linked the production of Natal Pulses with the subsequent occlusion
of Agulhas Rings (van Leeuwen et al., 2000; Lutjeharms and Boebel, 2003; Schouten et al.,
2002a). However, ring production has also been observed to occur in the absence of such
upstream perturbations (Dencausse et al., 2010b). Further, more recent studies of Natal Pulse
propagation (Rouault and Penven, 2011) suggest that they alone are unable to account for
observed ring occlusion rates. This apparent ’disconnect’, and link between ring occlusion and
upstream perturbations is revisited in section 1.4.3.
1.3.4 Agulhas leakage
The term Agulhas leakage collectively refers to those Indian Ocean waters that are ejected from
the retroflection and persist into the Atlantic Ocean, where they are retained. It represents
the thermohaline link between the Indian Ocean and Atlantic Ocean, connecting the western
boundary Agulhas system with the upper branch of the AMOC through the "warm-water" route
(Beal et al., 2011; Gordon, 1986). As such, it is of particular relevance to global climate, and its
variability has been associated with interdecadal AMOC strength (Weijer et al., 2002; Biastoch
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et al., 2008b), and glacial terminations (Peeters et al., 2004).
Due to the turbulence of the Cape Basin, measuring the leakage through in situ observations
has proven to be extremely challenging. The partial expression of leakage through sporadically
forming Agulhas Rings complicates deriving estimate of inter-ocean flux from ship based meas-
urements, due to timing concerns. In addition, the leakage occurs over a wide region, making
monitoring with moored instrumentation impractical. While satellite altimetry is able to resolve
the signal of Cape Basin eddies, it is unable to determine the depth of these features, or determ-
ine the portion of advected waters that are of Indian Ocean origin. As such, estimates of leakage
magnitude are somewhat broad. Estimates derived from geostrophy, heat and salt fluxes, and
ring profiling place the leakage between 2 Sv and 10 Sv (de Ruijter et al., 1999a). Later, drifter-
derived, Lagrangian estimates place the leakage at 15 Sv in the top 1000 m (Richardson, 2007).
This latter value is generally considered the most accurate, however it was determined from
only a small number of drifters, leading the authors to note that it may have a substantial error
attached. Thus far, four leakage mechanisms have been identified: through rings, via filaments,
as direct leakage and as a coastal jet.
Agulhas Rings are large, anticyclonic eddies, occluded from the retroflection at a rate of v5
± 1 year-1 (Schouten et al., 2002a) (Fig. 1.18). They have a strong barotropic signal, and are
characterised by an annulus of warm (up to 26oC) surface water, up to 240 ± 40 km in diameter,
which migrates westward at 5 - 8 km.day-1 (Olson et al., 1992) with rotation speeds of 0.29 -
0.90 ms-1 (Duncombe Rae, 1991). Initially, the eddy retains the water mass characteristics
of the parent Agulhas current, but are modified as they release their heat and salt content
to the surrounds (de Steur, 2004; Doglioli et al., 2006). Further, substantial heat loss to the
atmosphere drives convection and overturning, modifying vertical structure (Olson et al., 1992;
Walker and Mey, 1988). A census of ring characteristics suggests that they exhibit a broad
spectrum of characteristics, showing marked deviations from the mean values for size, surface
temperature and rotational speed; deviations which become more apparent once the rings have
left the retroflection zone (Schmid et al., 2003) and are dependant on the season of formation,
time spent in the Cape Basin (Arhan et al., 1999) and their route into the South Atlantic
(Dencausse et al., 2010a). The processes governing Agulhas Ring formation are discussed in
section 1.4.3.
Estimates of the contribution of Agulhas Rings to total leakage vary from 5 Sv to 15 Sv
(Richardson, 2007; Gordon, 1985; Gordon et al., 1987; Byrne et al., 1995; van Ballegooyen et al.,
1994), with most studies placing it as the dominant contributor to total inter-basin flux. The
rings remain coherent and detectable as far as the mid-Atlantic (Arhan et al., 1999), remaining
poleward of 20oS (Byrne et al., 1995). As they head westward, they are subject to modification
by topography at the Walvis Ridge (Richardson and Garzoli, 2003). Schouten and de Ruijter
(2000) show that the rings lose 70% of their kinetic energy in the first 5 months of their lifetime;
a loss that is partially attributable to interaction with other eddy features in the Cape Basin.,
during which there is substantial exchange of intermediate water masses (Boebel et al., 2003a).
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Figure 1.18: Left: Locations of the three rings as depicted by the altimeter upper layer thickness
map corresponding to September 16, 1997. Also shown are the cruise tracks (blue line), hydrography-
derived depths (meters) of the 10oC isotherm (red contours), and bathymetry (black contours). Right:
Vectors are acoustic Doppler current profiler (ADCP) upper ocean velocity averaged between 25 and 200
m along the cruise track. The upper layer thickness from TOPEX/POSEIDON altimetry is depicted
in the coloured background images. Red shades correspond to greater thickness, green shades to lesser
thickness. The locations of the TOPEX/POSEIDON data points are indicated by small circles. The
10oC isotherm depth determined from the expendable bathythermograph (XBT) surveys is contoured in
white. [Adapted from Garzoli (1999)].
Boebel et al. (2003a) also note the occurrence of small cyclonic features near the retroflection.
Penven et al. (2001) show that these occur as lee eddies, a response to the interaction between
the current jet and the shelf, but that, while these may modify Agulhas Rings, they occur in
situ and are devoid of Indian Ocean water, themselves.
Lutjeharms and Cooper (1996) show that inter-ocean exchange may occur through spindle-
like filaments, which split off from the northern edge of the retroflection loop. These filaments,
present approximately half the time, are only 50 km in width and penetrate to 50m depth (ibid).
Although their heat content is quickly dissipated by atmospheric exchange, the salt content (1-5
× 1011 kg) is notable, making a substantial contribution to inter-ocean leakage (Lutjeharms and
Cooper, 1996). However, as the filaments are not as long lived as Agulhas Rings they do not
have as extensive an impact in the Southern Atlantic (van Sebille et al., 2010b; Treguier et al.,
2003).
A final contribution to the inter-ocean exchange is made by direct leakage. Gordon et al.
(1987) calculate this volume flux to be up to v10 Sv. However, Lutjeharms (2006b) suggest
that, at the upper bound, this estimate is exceptionally high given a total observed leakage of
up to 15 Sv (Richardson, 2007). This flow may partially occur through an intense frontal jet
along the African Coast (Bang and Andrews, 1974), however, it is not well investigated.
1.3.5 The Agulhas Return Current
The southern branches of the subtropical gyres are expressed through the eastward flowing South
Atlantic and South Indian Currents in their respective basins. Between 12oE and v70oE, these
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Figure 1.19: The volume transport (in Sv) of the Agulhas Return Current system along its full length,
suggesting the locations of major leakage from the current. These locations are inferred from the reduced
volume transport values between adjacent sections [After Lutjeharms and Ansorge (2001)].
two systems are connected by the Agulhas Return Current, forming the southern branch of the
super-gyre (Lutjeharms and Ansorge, 2001). As discussed above, the Agulhas Return Current
(ARC) is predominantly formed from the retroflected waters of the Agulhas Current, and, in
the western basin, flows eastwards immediately to the north of the Subtropical Front (STF).
A synthesis of available hydrographic data by Lutjeharms and Ansorge (2001) shows a re-
duction in geostrophic speed relative to 1500 m along the current path; values of 75 cm.s-1 are
recorded post retroflection, dropping to 13 cm.s-1 at 76oE. Analysing data from the 1997-1999
KAPEX programme, Boebel et al. (2003b) place surface speeds at up to 2.1ms-1 at the retroflec-
tion, and at 1.1ms-1 around 32oE, broadly consistent with previous estimates (Lutjeharms and
Ansorge, 2001). The two studies also present convergent transport estimates for the 70 km wide
current core; Boebel et al. (2003b) calculates an average transport along the current of 44 ± 5
Sv in the top 1000 m, while Lutjeharms and Ansorge (2001) record western and eastern (76oE)
values of 15 Sv and 54 Sv, respective to a 1500 m reference level (Fig. 1.19). The transport
reduction reflects the loss of volume flux into the Indian Ocean subgyre to the north (Park et al.,
1993; Stramma and Lutjeharms, 1997) (Fig. 1.19). Post retroflection, ARC waters masses are
notably different from those upstream. Due to lateral mixing and atmospheric interaction at the
retroflection, no trace of the previously present TSW remains (Lutjeharms and Ansorge, 2001).
Additionally, the intermediate depths are freshened by the inclusion of Atlantic waters.
The ARC, which exhibits very high mesoscale variability, is characterised by the presence of
extensive meridional meanders, extending up to 2oN (Lutjeharms and Ansorge, 2001). The most
westward of these meanders (typically referred to as the first meander), is partially meridionally
constrained by the presence of the Agulhas Plateau, which the return current tends to traverse
to the north of (Lutjeharms and Valentine, 1988). Subsequent, more eastward meanders are
less topographically constrained, and are, therefore, more able to freely migrate westward along
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the current itself (Lutjeharms and Ansorge, 2001). In concert, extreme northward migrations
in these meanders and southward deviations in the Agulhas Current may cause a short circuit
that leads to Agulhas Ring occlusion and an early retroflection (Boebel et al., 2003a; Dencausse
et al., 2010b).
As a result of shear instability between the ARC and subtropical convergence, cold core
eddies are periodically shed from the northward side of the ARC, with the strongest cyclonic
features most common in austral autumn (Boebel et al., 2003b). These subsequently move
westwards and are re-absorbed by the next meander they encounter. Similarly, Lutjeharms and
van Ballegooyen (1988) suggest that warm water eddies that form on the pole-ward side of the
ARC may be similarly re-incorporated into meanders when they don’t dissipate in-situ.
1.4 The greater Agulhas system: Numerical modelling and dy-
namics
One does not simply model the Agulhas. Biases in the representation of the western boundary
current, retroflection position and ring path are well catalogued. Inappropriate numerical choices
may cause the Agulhas Current to be represented as a train of eddies, as opposed to a continuous
stream (Barnier et al., 2006; Backeberg et al., 2009). Numerous models exhibit high levels
of eddy-kinetic energy east of the retroflection, indicating erroneous upstream recirculations
(Wallcraft et al., 2003). In extreme cases, the retroflection itself occurs far to the east of the
observed position Sasaki et al. (2005). Consequently, while altimetry suggests that rings take
multiple paths across the Cape Basin and spread substantially across the South Atlantic, biases
in retroflection position may produce rings that follow an overly specific path. This is typically
evident in a strong eddy kinetic energy signal expressed in a narrow eddy-corridor across the
Cape Basin (Maltrud and McClean, 2005).
Equatorward flow in the ocean interior, driven by the wind stress curl must, at some point, be
balanced by the poleward flow in the western boundary. However, in the Agulhas, two factors
that warrant specific consideration. Firstly, the presence of Madagascar induces substantial
eddy variability in the upstream western boundary. Secondly, the African continent terminates
equatorward of the zero-line of wind stress curl, but the resulting free jet is choked by the inertia
of the Agulhas Current (de Ruijter, 1982). As the link between the South Indian and South
Atlantic Ocean is of key importance to the global meridional overturning circulation, it is critical
to understand why this choking effect occurs. In consequence, the greater Agulhas system, its
retroflection dynamics, and its associated inter-basin flux have been extensively studied using
numerical simulations. With continuing increases in computational capability, these simulations
reach ever-finer scales, allowing for the explicit representation of the mesoscale field, often in the
context of realistically forced hindcast simulations. These latter experiments have raised further
questions about the link between western boundary transport and Agulhas leakage specifics
under changing winds.
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1.4.1 Western boundary non-linearity
Sverdrup dynamics dictate that the poleward transport of a western boundary current can
be determined from the wind stress curl across the adjacent gyre. However, recent hindcast
experiments differ with regard to how closely the Agulhas Current conforms to this regime.
Rouault et al. (2009) suggest that the Agulhas Current is Sverdrupian on a decadal basis,
showing similar trends in the measured and theoretically inferred transport. However, the signals
are inconsistent on an interannual basis, and the Sverdrup relationship is integrated across the
basin from 33oS to 21oS. Conversely, from interannually forced OGCM simulations, Biastoch
et al. (2009b) found a distinct discrepancy between between the transport expected through the
Sverdrup relationship at 32oS and those modelled numerically. The authors ascribe the disparity
to non-linear eddy-mean interactions and topographical shielding. Currently, the degree to which
the Agulhas Current transport responds linearly to the winds remains ambiguous.
Eddy-mean interactions are prevalent in all western boundary currents, however, in the case
of the Agulhas, the effect is enhanced by the presence of Madagascar, which induces substantial
eddy variability upstream, and the Agulhas Undercurrent (Biastoch et al., 2009a). Penven et al.
(2006c) underline this effect, performing experiments in which the island is excised. Here, a
continuous western boundary current forms along the African coast from v15oS. Further south
this results in notable changes to the transport spectra at Port Elizabeth (25.5oS). However,
while the timing of Agulhas Rings was altered, suggesting a link between the upstream eddy
field and the rate of downstream ring generation, the leakage magnitude was not significantly
affected. This link between upstream eddy formation and downstream ring shedding echoes the
observations of Schouten et al. (2002a). In addition, Biastoch et al. (1999) suggest that the eddies
in the Mozambique Channel also play a key role in determining the seasonality of the Agulhas
Current; a signal only recently confirmed through along-track altimetry (Krug and Tournadre,
2012). Further highlighting this point, Biastoch et al. (2009b) compare the Agulhas Current
transport time series for simulations with an eddy-resolved and coarse resolution Mozambique
Channel, noting substantial differences in western boundary volume fluctuations between the
two, changes in Agulhas Ring timing and path, but no change in leakage.
Agulhas non-linearity also occurs due to topographical insulation of the western boundary.
At lower latitudes, Rossby waves associated with basin scale adjustment are less sensitive to
bottom topography (Biastoch et al., 1999). However, in two related studies Matano et al.
(1999) and Matano et al. (2002) modelled the seasonal cycle of the south Indian Ocean, noting
that, in the subtropics, the western boundary is strongly shielded by the topography to the east.
1.4.2 Retroflection dynamics
The Agulhas retroflection is a defining component of the regional circulation. Its dynamics de-
termine the division of waters into those retained by the Indian Ocean and those exported into
the South Atlantic. Theory and numerical modelling studies suggest that its behaviour is gov-
erned by five factors: inertia and planetary vorticity advection (the β-effect), vortex stretching,
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coastline geometry, bottom topography, and the wind field structure over the higher latitudes
of the Indian Ocean (de Ruijter et al., 1999a).
Using a weakly non-linear, one-layer model de Ruijter (1982) shows that the inertia of the
Agulhas Current, which allows it to overshoot a highly-idealised continental shelf as a free-jet,
is critical in establishing the retroflection. The Agulhas Return Current subsequently arises due
to the accumulation of negative vorticity as the jet flows poleward. In this model, the decrease
in wind stress curl across the inertial boundary layer region south of Africa, determines how
much transport the Agulhas Current can unload in the Sverdrup transport regime to the east
via the Agulhas Return Current (ibid). Consequently, a more severe decrease in wind stress curl
results in a larger separation between the Atlantic and Indian sub-gyres, resulting in a stronger
Agulhas Return Current, and by extension, a weaker leakage; a process termed ’inertial-choking’
(de Ruijter et al., 1999a). de Ruijter and Boudra (1985), Boudra and de Ruijter (1986) and
Boudra and Chassignet (1988) confirmed this inertial relationship in a series of barotropic and
baroclinic cases, using highly idealised basin geometry throughout. Analysis of the vorticity
balance showed that decreases in planetary vorticity are compensated for by an increase in
anticyclonic relative vorticity. As such, the Agulhas retroflection is in part driven by the β-
effect. Further, vortex stretching in the upper layers of the Agulhas Current generates positive
relative vorticity once it separates from the coast. In tandem with the β-effect, this encourages
flow to return in an anticyclonic loop (Boudra and Chassignet, 1988).
Retroflections are also possible in high-friction cases (Boudra and Chassignet, 1988;
Chassignet and Boudra, 1988). However, Dijkstra and de Ruijter (2001) show that only those
governed by inertia are valid, as high-friction may produce a non-physical barrier to inter-ocean
transport due to viscous choking. In addition to the inertial and viscous retroflection regimes,
Le Bars et al. (2012) describe a third case. Here, the Agulhas leakage reaches an asymptotic
maximum at high wind stress due to an increase in turbulent cross frontal mixing in the Agulhas
Return Current and a southward loss of Indian Ocean waters.
Although it is not the sole determinant, the viscosity of a configuration is in part dependant
on the spatial resolution employed. At low resolutions, numerical viscosity is typically high.
Dijkstra and de Ruijter (2001) suggest that 1/6o is necessary to capture an inertial retroflec-
tion, while Beal et al. (2011) suggest 1/10o is required. However, these numbers are largely
unqualified, and, as viscosity is also a function of the numerical scheme employed, are some-
what misleading. Despite this caveat, as hindcast simulations and projections performed with
coupled climate models typically employ an ocean circulation model with resolution of 1o or
coarser (Meehl et al., 2005), it is likely they exhibit viscous retroflection regimes, resulting in
potentially unrealistic behaviour associated with an over-expressed Agulhas Leakage (Dijkstra
and de Ruijter, 2001).
In general, early studies investigated the behaviour of the Agulhas in a highly idealised
basin, with the African continent represented by a rectangular of triangular landmass. Ou and
de Ruijter (1986) considered the separation of the Agulhas Current from a curved coastline
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geometry. They found that an increasingly curved coastline causes an earlier coastal separation
and a more eastward retroflection position. This earlier separation is driven by a shoaling of the
upper ocean layers caused by the accumulation of anticyclonic shear in the current. Further,
their idealised system was highly sensitive to Agulhas Current transport, suggesting that an
increase in incoming volume flux results in an earlier (more eastward) retroflection position.
In the converse case, a reduction of 10% of the volume flux was enough to cause the entire
Agulhas Current to flow into the South Atlantic, a configuration which remains undocumented
in observations. However, Ou and de Ruijter (1986) make no mention of leakage in their study,
which also produced no Agulhas rings.
In most cases the idealised experiments described above feature a flat bottom. Matano
(1996) compared the circulation of a flat bottom 15-layer model, to the same configuration
with realistic bathymetry. The latter case showed a strong, realistic retroflection, while the
former showed almost no retroflection, suggesting that bathymetry may play a key role in the
retroflection behaviour. However, the flat bottom experiments performed by Boudra and de
Ruijter (1986) and Chassignet and Boudra (1988) show substantial retroflections, suggesting
an apparent inconsistency. Performing a parameter space analysis, Dijkstra and de Ruijter
(2001) suggest that the retroflection described by Matano (1996) may not be inertially governed.
However, as yet, no analytical study has specifically focussed on the role of bathymetry in the
inertial regime.
Speich et al. (2006) considered the role of bathymetry in Agulhas Current behaviour using a
1/6o regional primitive equation model. They show that coastal bathymetry plays a key role in
determining current path. Removal of the Agulhas Bank enhances inter-ocean flux substantially,
as does smoothing of the continental shelf. When the Agulhas Plateau is removed, meridional
meanders in the Agulhas Return Current move steadily westward.
1.4.3 Agulhas ring shedding
Agulhas rings are the predominant pathway through which the Agulhas Current exports its wa-
ter masses to the Atlantic Ocean, forming a turbulent link in the global thermohaline conveyor.
Locally, isopycnic models suggest that ring generation occurs as a result of mixed barotropic-
baroclinic instabilities in the sheer zone of the retroflection loop (Chassignet and Boudra, 1988).
Ring formation is additionally dependant on continental configuration, with a triangular land-
mass producing more rings than its rectangular counterpart (Chassignet and Boudra, 1988).
Pichevin et al. (1999) and Nof and Pichevin (1996) considered the effects of the integrated
balances on ring formation processes. Under a series of quite specific conditions, they determined
that, in a non-linear gravity model, the retroflection loop can have no integrated momentum
flux balance; the ’retroflection paradox’ (Nof and Pichevin, 1996). The shedding of rings solves
this apparent problem, provided that the inertial flow is uniform, conserves potential vorticity
and leaves the region as parallel geostrophic flow. Relaxation of these conditions suggested that
retroflection regimes may occur with and without eddy shedding, with coastal geometry and the
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retroflection latitude as the controlling parameters (Pichevin et al., 2009).
Using a one-and-a-half layer model, Zharkov and Nof (2008b) and Zharkov et al. (2010)
specifically considered the effect of coastline geometry on ring occlusion. They determined that,
if the retroflection is pushed northwards (e.g. during a northward migration of the zero line of
wind stress curl, potentially associated with glacial phases), the near north-south orientation of
the African coast would preclude ring formation. Only where the angle is below a critical value
of 60o will rings successfully break from the current and escape westwards, a result echoed by
Pichevin et al. (2009). Ring occlusion is stimulated by the growth of downstream meanders,
driven westward by the β-effect. In consequence, rings may only occur when the continent
terminates, allowing meanders to drift westward unimpeded, or when the continental angle is
sufficient to allow along coast drift to separate rings from the main current (Pichevin et al.,
2009). In addition, Nof et al. (2011) show that in the case of increased westerly wind stress, the
progress of occluded eddies may be sufficiently retarded so as to prevent their escape.
Upstream perturbations may also play a role in the ring occlusion process. The protrusion
of the Natal bight causes the sporadic generation of large meanders in the Agulhas Current
(Harris et al., 1978; Lutjeharms and Roberts, 1988). In their reduced gravity model, Pichevin
et al. (1999) considered the role these perturbations may play in ring occlusion. Their analysis
determined that offshore meanders have little effect on the frequency of ring occlusion, but that
transport pulses may contribute to ring formation. Observations from altimetry echo this point,
showing a disparity between Natal Pulse occurrence in the Southern Agulhas and ring occlusion
rate (Rouault and Penven, 2011).
In a series of idealised numerical experiments performed with a coarse resolution ocean
model, Fetter et al. (2007) determined that the winds across the subtropical Atlantic contribute
substantially to the annual signal of Agulhas Current transport. However, given the 1/2o res-
olution of the model used in this study, the authors were unable to draw any conclusions with
regard to the sensitivity of the Agulhas leakage to this forcing.
1.5 Multi-decadal signals and climatic role
Reanalysis forced hindcasts, performed with high-resolution ocean models, suggest that, post-
1970, changes in the Indian Ocean wind field have driven a substantial increase in the Agulhas
leakage (Biastoch et al., 2009b; Rouault et al., 2009). Although these differ in their numerics
and atmospheric forcing, both studies record a warming of the Agulhas during this period,
consistent with the satellite derived SST trend. This increase in leakage, projected to continue
under further intensified westerlies (Biastoch and Böning, 2013), is expected to further salinity
(ibid) and temperature (Lee et al., 2011) in the South Atlantic. However, while Biastoch et al.
(2009b) show a weakening Agulhas Current during this 1980-2007 period, Rouault et al. (2009)
record a strengthening.
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As discussed previously, idealised numerical experiments (de Ruijter, 1982; de Ruijter and
Boudra, 1985; Boudra and Chassignet, 1988) find that a stronger Agulhas Current is associated
with a weaker leakage. van Sebille et al. (2009b) extend these dynamical arguments to the
realistic case, suggesting that the anti-correlation between the current and leakage expressed in
Biastoch et al. (2009b) has a dynamical basis (section 1.4.2). Latterly, van Sebille et al. (2010a)
infer that Rouault et al. (2009) lacks the necessary resolution to simulate an inertial retroflection;
a problem outlined by Dijkstra and de Ruijter (2001). However, this inference has been suggested
to be incorrect, as the SAfE configuration used by Rouault et al. (2009) has sufficient effective
resolution and zero explicit viscosity (P. Penven; Comment on "Sea surface slope as a proxy for
Agulhas Current strength" and pers. comms.). Further, the trends in Rouault et al. (2009) are
consistent with an eddy-resolving Hybrid Coordinate Ocean Model hindcast (Backeberg, 2010).
As such, arguments centering on resolution do not appear to give an adequate answer with
regard to this ambiguity and it remains unclear as to whether the simulated signals are driven
by local inertial processes, or are the result of long term trends in the prevailing wind fields.
Retroflection separation studies (Ou and de Ruijter, 1986) imply that a weakening (strength-
ening) Agulhas Current should be associated with a westward (eastward) shift in mean retro-
flection position. However, no such shift has been observed in the modern paradigm (Dencausse
et al., 2010b; Backeberg et al., 2012), despite substantial modification of the Indian Ocean winds
in the past two decades (Backeberg et al., 2012; Swart and Fyfe, 2012; Gillett and Thompson,
2003). van Sebille et al. (2009a) did find a statistically significant link between retroflection
position and Agulhas leakage on shorter timescales, with the latter decreasing as the retro-
flection proceeds westwards. However, attempts to apply the model-derived linear relationship
between the retroflection position and leakage to altimetry were largely unsuccessful, due to
the wide, v15 Sv confidence interval surrounding any prediction. Franzese et al. (2009) also
raise the possibility that the retroflection retained its modern position at the Last Glacial Max-
imum (LGM), despite the possibility of substantial changes in the winds compared to recent
observations (Kohfeld et al., 2013).
On climatic timescales, the changes in Agulhas leakage have been implicated in the termin-
ation of glacial phases (Peeters et al., 2004) and subsequent increase of AMOC strength (Knorr
and Lohmann, 2003). In the glacial state, leakage is hypothesised to be greatly reduced due
to the northward migration of the STF, driven by a northward shift in the SHW winds (Bard
and Rickaby, 2009). However, recent research underlines substantial uncertainty in the state of
the westerly winds during the LGM (Kohfeld et al., 2013). In addition, there is evidence that
the frontal systems north of the Southern Ocean are not as intimately linked with the winds as
palaeoceanographic studies assert (Graham et al., 2012).
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1.6 Conclusions
The greater Agulhas is a complex, highly non-linear system that dominates the oceanography
of the South West Indian Ocean. It plays a key role in modulating the strength of the AMOC
and, by extension, global climate on multi-decadal to glacial-interglacial timescales. It is clear
that the behaviour of the Agulhas system is highly dependant on the winds across the Indian
Ocean basin; which are divided into the easterly trades and southern hemisphere westerlies.
Understanding how the system responds to variability in these wind belts is essential when
attempting to extrapolate and simulate its behaviour under various palaeoclimatic and future
scenarios.
While substantial efforts have been made to isolate the processes that govern the retroflection,
idealised approaches, by definition, sacrifice some complexity. On the other hand, interannually
forced hindcast simulations seek to reproduce a realistic Agulhas, retaining as many processes
as possible. However, the reanalysis products used in these simulations contain a complex
superposition of wind signals, and, in consequence, disentangling the various responses becomes
a significant challenge. An approach is needed where the dynamical insight offered by idealised
scenarios can be balanced against the realism offered by the realistic circulation within primitive
equation models. Regardless of the model approach adopted, horizontal resolution, and by
extension the balance between inertia and viscosity, appears to be critical to the behaviour of
the Agulhas system (Dijkstra and de Ruijter, 2001).
Modern observations suggest that both the trade and westerly wind systems are intensifying,
with the latter also moving southward (Backeberg et al., 2012; Swart and Fyfe, 2012; Gillett and
Thompson, 2003; Thompson and Solomon, 2002). Inertial arguments, drawn from numerical
experiments, suggest that increased trades may drive greater western boundary transport, and
a decreased leakage. But is this the case in the realistic ocean? Current hindcast experiments
do not appear to reach a consensus, and ambiguity remains.
Of more potential relevance to palaeoceanography is the role of the westerlies. Modification
of the SHW and attendant responses on the STF are frequently invoked as a driving force
through which the Agulhas gateway, and its attendant leakage, can be constricted (Bard and
Rickaby, 2009). From a modern perspective, this appears feasible, as hindcasts unanimously
suggest a leakage increase as the STF and supergyre are driven south by anthropogenic forcing
and ozone depletion (Cai, 2006; Biastoch et al., 2009b; Biastoch and Böning, 2013). However,
it is unclear if this increased leakage is driven by the widening of the Agulhas gateway, or the
strengthening of the winds.
This leaves palaeoceanographic assertions about the response of the Agulhas during potential
LGM states somewhat ambiguous, especially given the lack of consensus about the wind state
and latitude of the STF (Kohfeld et al., 2013; Sime et al., 2013) at that time.
Here, a proposed framework is developed, which allows the effects of variations in the trade
and westerly wind systems can be considered separately. The aim is to address the following:
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Outstanding questions:
• What is the structure and magnitude of the Agulhas leakage, and how has this changed
in recent times?
• How do the source regions of the Agulhas Current respond to changes in the trade wind
pattern across the Indian Ocean?
• How do these changes propagate downstream in the western boundary, and what is the
effect on the Agulhas leakage?
• What effect do the westerly wind changes have on the Agulhas leakage?
• Can separation of the wind fields into the trade and westerly wind systems provide an
insight into the interannual trends in the Agulhas Current and leakage?
To realise these goals, a new suite of eddy-permitting and eddy-resolving configurations
has been developed using the Regional Ocean Modelling System (ROMS). The outcome of this
research enhances the understanding of the dynamics of the Agulhas system, its role in the
climate system and the interpretation of recent trends.
This manuscript will proceed as follows: Chapter 2 and Chapter 3 present an introduction
to the regional model configurations used in this study and an assessment of their performance
with respect to obervations. Chapter 4 compares and contrasts methodologies used to quantify
the Agulhas leakage and determine its structure. Chapter 5 discusses the effect that climatic
changes in the Indian Ocean trade-wind pattern has on the nature of the flow in the greater
Agulhas system and ramifications for the leakage. Chapter 6 focusses on the response of the
greater Agulhas system to idealised changes in the westerly winds, including a discussion on the
interannual signals seen in previous hindcasts. Finally, Chapter 7 summarises the conclusions
of this work and presents avenues that warrant further investigation.
Chapter 2
Contructing a basin-scale model of
the greater Agulhas Current system
2.1 Introduction
Western boundary currents play a key role in the global ocean circulation, carrying large quant-
ities of tropical heat poleward and influencing local and global climate variability on interannual
to millennial timescales (Kwon et al., 2010; Beal et al., 2011; Peeters et al., 2004). Although
predominantly wind-driven, turbulence associated with eddy-mean interactions induces a de-
gree of non-linearity, exacerbated by the complex topographical interactions associated with
flow along continental margins (Biastoch et al., 2009a; Speich et al., 2006; Matano, 1996). As
such, they present significant challenges to the development of regional model configurations
that seek to accurately simulate their dynamics, and, subsequently the large-scale consequences
of their behaviour.
As the major western boundary current of the Indian Ocean, the Agulhas Current is no
exception, but there are a number of factors that make it unique. Firstly, although all western
boundary current shed rings (Richardson, 1983; Li et al., 1998), in the Agulhas system these rep-
resent a significant climatic link in the global meridional overturning circulation (Gordon, 1986).
Secondly, the Agulhas Current retroflects south of Africa, returning most of its constituent wa-
ters to the Indian Ocean (Lutjeharms and van Ballegooyen, 1988). Thirdly, the proximity of the
southern tip of the African continent to both the sub-tropical front and line of zero wind-stress
curl presents a viable mechanism under which the width of the Agulhas ‘Gateway’, and the
magnitude of inter-basin flux through it, can be modulated by climatic events, both palaeocli-
matic (Bard and Rickaby, 2009; Peeters et al., 2004) and, potentially, anthropogenic (Biastoch
and Böning, 2013). Lastly, the connection between the Agulhas Current and the basin scale
adjustment of the Indian Ocean is interrupted by the presence of Madagascar (Penven et al.,
2006c); inducing upstream variability that exerts an effect on the flow pattern further south
(Biastoch et al., 1999).
As a result of these complexities, numerical modelling of the Agulhas requires special con-
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sideration. Previous studies have shown that, in turbulent systems, model solutions can be
highly sensitive to numerical choices (Backeberg et al., 2009; Barnier et al., 2006). Further, the
simulated behaviour of the Agulhas retroflection depends on the horizontal resolution of the con-
figuration used (Dijkstra and de Ruijter, 2001), the representation of bathymetry (Speich et al.,
2006), the effects of bottom bottom topography (Matano, 1996), and possibly the parameterisa-
tion of horizontal viscosity (see Chassignet and Garraffo (2001) for an analogous description for
the Gulf Stream). In addition, the choice of surface and boundary forcing may play a role in
determining long term trends. As such, constructing a successful regional model of the greater
Agulhas system requires that all of these factors be considered.
In this chapter two model configurations designed to address these concerns are introduced,
commencing with a comprehensive presentation of the model used. Building on this, the de-
velopment of an Indian Ocean and greater Agulhas configurations is discussed, and the choices
made are justified in the context of the current understanding of Agulhas dynamics, as presented
in section 1.4. Assessment of the performance of the configurations is performed in the chapter
3.
2.1.1 Motivation for using ROMS
The Regional Ocean Modelling System (ROMS) has shown previous ability in simulating the
Agulhas Current. The South African Experiment (SAfE) configuration (Penven et al., 2006a) is
an eddy-permitting configuration the captures the greater Agulhas region at 1/4o resolution. It
has been used extensively to investigate the consequences of the presence of Madagascar (Penven
et al., 2006c), the dynamical link between the Agulhas Current and leakage, and decadal changes
in the greater Agulhas system (Rouault et al., 2009). Variations of the configuration have also
been used to investigate the role of bathymetry (Speich et al., 2006) and the production of
cyclonic eddies in the lee of the Agulhas Bank (Penven et al., 2001).
ROMS employs higher order numerics, allowing for increased precision at a given resolution.
As a result, steep gradients are well preserved. In addition, the vertical sigma co-ordinate of the
model should capture topographical interactions effectively. Although the SAfE configuration
has shown previous success in capturing the variability of the Agulhas Current on a variety of
spatial and temporal scales, the experimental approach proposed requires additional capability.
Here, using SAfE as a developmental start point, two new configurations are developed to suit
these needs; AGIO and ARC112.
2.2 The Regional Ocean Modelling System
2.2.1 General description
ROMS is a split-explicit, free-surface, ocean-only model discretised in coastline and terrain-
following curvilinear co-ordinates (Shchepetkin and McWilliams, 2003, 2005, 2008). In separ-
ating the solutions to the barotropic and baroclinic modes of the momentum equations, the
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split-explicit approach reduces the number of time-stepping operations required (Shchepetkin
and McWilliams, 2005). The associated gain in computational efficiency allows for simulations
to be performed at higher resolution, advantageous for studies that focus on the mesoscale.
ROMS currently exists in three configurations; with respective ongoing development at
UCLA, Rutgers University and at the Institut de recherche pour le développement (IRD) and
the Institut national de recherche en informatique et en automatique (INRIA). As it has already
been successfully applied to studies of the greater Agulhas system (Penven et al., 2006c; Rou-
ault et al., 2009) and allows for the inclusion of nested high resolution domains, v.2.1 of the
IRD/INRIA ROMS_AGRIF implementation (Debreu et al., 2012; Penven et al., 2006b) is used
here. The numerical components inherent to the model are presented in the following sections.
ROMS solves the incompressible primitive equations under the Boussinesq and hydrostatic
approximations. The former specifies that density variations that do not pertain to buoyancy
forcing are neglected. The latter negates vertical acceleration and the effect of Coriolis on
vertical velocity; the vertical pressure gradient is balanced solely by buoyancy forcing in this
case. Under these approximations, the horizontal (Eq. 2.1 and Eq. 2.2) and hydrostatic vertical
momentum (Eq. 2.3) equations take the following form in cartesian coordinates:
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• x, y are the horizontal and z the vertical coordinate in a cartesian reference frame (m)
• u, v are the horizontal and w the vertical velocity components in x, y and z, respectively
(ms-1)
• t is the time (s)
• ~u is a velocity vector
• f is the Coriolis parameter (s-1)
• g is the accelaration due to gravity (ms-2)
• ρ0 is the reference density of sea-water (1025 kgm-3)
• P is pressure (Nm-2)
• Oh(KMh .Ohv) and Oh(KMh .Ohv) are the lateral momentum dissipation terms
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• KMv is the vertical viscosity parameter (m2s-1)
In addition, three further equations govern the advective/diffusive evolution of tracer properties
(Eq. 2.5 and Eq. 2.6) and the conservation of mass in an incompressible fluid (Eq. 2.4). Finally,


























ρ = ρ(S, T, P ) (2.7)
where, in addition to the variables described above:
• T is the potential temperature (oC)
• S is the salinity
• KTh and KSh are the horizontal tracer diffusion terms (m2s-1)
• KTv and KSv are the vertical diffusivity (m2s-1)
• ρ is density (kgm-3)
ROMS calculates the following prognostic variables; u,v,T ,S and ζ, where ζ is the sea-surface dis-
placement in metres . These are calculated from the diagnostic variables (w,P ,ρ) and parameters
(KTh ,KSh ,KTv ,KSv ,KMu ,KMv). A full description of the ROMS numerical implementation of
the above equations can be found in Shchepetkin and McWilliams (2005) and Shchepetkin and
McWilliams (2003).
2.2.2 Boundary condition schemes
As a regional model, ROMS requires boundary information at each of its external faces; the free-
surface, bottom and, (typically) four lateral boundaries, where it may connect to an external
solution. The effects of external forcing at the surface and ocean floor are achieved by the
modification of vertical viscosity and diffusivity in the free-surface and bottom boundary layers.
At the free-surface (z=ζ(x,y,t)), heat (Eq. 2.8), salt (Eq. 2.9) and wind-driven momentum
























































~u.O(−h) = w (2.17)
where, in addition to the previous;
• ζ is the sea-surface height (m)
• h is the depth of the bottom boundary (m)
• τxs / τys are the zonal (x) / meridional (y) surface wind stresses (Nm-2)
• τxb / τ
y
b are the zonal / meridional bottom stresses (Nm-2)
• Q is the surface heat flux (Wm-2)
• E − P is the surface fresh water balance (evaporation minus precipitation)
• cp is the specific heat capacity of water (Jkg-1K-1)
Stresses in the bottom boundary layer are determined using a quadratic friction expression with
a variable coefficient, Cd, determined by a Von Kármán log layer (Eq. 2.18 and Eq. 2.19). These
stresses are calculated as:
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(τxb , τ
y
b ) = −ρCdb
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• κ is the von Karman constant, equal to 0.41
• zr is the Rugosity scale (m)
• 4zb is the thickness of the bottom layer (m)
• Cdb is the quadratic bottom friction coefficient
In large model domains, it is often advantageous to damp the sea surface temperate and
salinity signal to a climatological value to prevent model drift. However, this approach may
lead to an overly constrained system, especially when considering experiments that are designed
to deviate substantially from the climatological mean state. Here, to minimise this constraint,
atmospheric interaction is governed by the bulk flux routines described by Fairall et al. (1996).
Under this formulation, surface heat, freshwater and momentum fluxes are free to evolve ac-
cording to the atmospheric and oceanic bulk variables, although sea surface temperature does
remain damped to the prescribed air temperature value.
Heat flux can be divided into components that are associated with a change in temperature
(sensible heat) and those that are not (latent heat). The net surface heat flux (Eq. 2.20) is
therefore calculated from the balance between incident radiation, outgoing black-body radiation
(Eq. 2.21) and the sensible (Eq. 2.22) and latent heat fluxes (Eq. 2.23). The latter two
components are calculated simultaneously and as a function of surface roughness parameters,
in tandem with momentum flux (Eq. 2.24). The transfer coefficients, Ch, Ce and Cd, which are
again related to surface roughness lengths, are calculated via an iterative method according to
their Monin-Obukhov similarity scales (Fairall et al., 1996). The evaporative component of the
fresh water flux (Eq. 2.8) is calculated from Eq. 2.25
Qnet = Radsw −Qlw −Qsh −Qlh (2.20)
Qlw = −Radlw + εσT 4s (2.21)
Qsh = ρaCpaCh|u10|(Ts − Ta) (2.22)
Qlh = ρaLeCe|u10|(qs − q) (2.23)
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• Radsw and Radlw are the prescribed downwelling short and long-wave radiations (Wm-2)
• ε is the longwave emissivity of the ccean
• σ is the Stefan-Boltzmann constant; 5.6697x10-8 m2K -4
• ρa is the air density (kgm-3)
• Cpa is the specific heat capacity of air (Jkg-1K-1)
• Ch, Ce and Cd are the dimensionless transfer coefficients for sensible heat, latent heat and
momentum (drag), respectively
• |u10| is the average wind speed relative to the surface at 10 m (ms-1)
• q and qs are the specific humidity and saturation at T = Ts, respectively (g.kg-1).
• Ts is the sea surface temperature (K)
• Ta is the potential air temperature (K)
• ui10 is one of the horizontal wind components relative to a fixed earth at 10 m (ms-1)
• uisi is the surface ocean current (ms-1). In ROMS this is set to zero.
• Le is the latent heat of vaporisation (K)
Lateral boundaries may either be closed, in the case of land-masking, or open, where they
connect to an external solution. In the case of masking, prognostic variables (T, S, u, v, ζ) are
set to zero. However, velocities at the closed boundary edge are modified, according to imposed
free-slip conditions (Hedström, 1997).
Open boundaries require special consideration. The scheme imposed must allow external
information to be communicated into the regional domain and disperse outgoing signals without
detriment to the internal signal. In ROMS, this exchange is managed through a two-way active
radiation scheme (Marchesiello et al., 2001), in which the signals are separated. Outgoing
information is weakly nudged to external conditions (τ ≈ 180 days), and dispersed through an
oblique radiation scheme. To accommodate the external solution, ROMS employs an adaptive-
nudging scheme, which strongly constrains the incoming signal to the external solution (τ ≈ 1
day). Lateral viscosity, zero in the model interior, is increased in a sponge layer at the open
2.2. The Regional Ocean Modelling System 46
boundary, smoothing out model-boundary inconsistencies. The scheme, which guarantees a
reasonable equilibrium solution, imposes a barotropic mode based volume constraint, improving
long term model stability.
2.2.3 Temporal and spatial discretisation
The computational efficiency of ROMS allows it to be used at mesoscale and sub-mesoscale res-
olutions. To facilitate this capability, it uses a staggered Arakawa-C type grid, which promotes
accuracy in models that capture the first Rossby radius of deformation (Arakawa and Lamb,
1977). Here, ρ, h, f and Ω are defined in the centre of the grid cell, while u and v are defined in
centres of the the respective east/west and north/south cell boundaries, offset from the centre
by half a grid cell (Fig. 2.1). Trace properties (T,S) and sea-surface height, ζ, are defined at ρ
points. Vertical levels are also staggered, as shown in Fig. 2.2.
Figure 2.1: Horizontal distribution of variable points on a staggered Arakawa C-grid (after Hedström
(1997)).
In the vertical, ROMS uses a stretched, terrain-following, σ-coordinate, which improves the
interaction of flow with topography and allows for increase vertical resolution at the continental
shelf (Marchesiello et al., 1998). Use of this co-ordinate system implies that ocean depth at all
points can be transformed such that:
z = z(x, y, σ) (2.26)
Here z is the ocean depth and σ is the fractional depth of the water column. Under this system,
the depth level extremes, -h ≤ z ≤ ζ, where -h is ocean depth and ζ is the free-surface, are
represented by -1 ≤ σ ≤ 0. The vertical levels are non-linearly distributed throughout the water
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Figure 2.2: Vertical distribution of variable points on a staggered Arakawa C-grid (sourced from
www.myroms.org).
column, following the methodology described in Song and Haidvogel (1994). The distribution of
the levels depends can be stretched to favour level-density increases near the surface and at the
bottom through changes to the θb and θs parameters (ibid). For the configurations presented
here, θb and θs are set to 0 and 6, respectively.
The calculation of baroclinic pressure gradient force (PGF) across sharp topography can
lead to truncations errors, arising from hydrostatic inconsistency in the transformation of the
horizontal component to σ-coordinates (Shchepetkin and McWilliams, 2003). This effect, which
can introduce spurious geostrophically balanced flows, has been addressed by (Shchepetkin and
McWilliams, 2003), who introduced a new, more accurate formulation for the PGF. However,
errors may still occur at steep topography gradients. To reduce this effect, bathymetry is select-
ively smoothed according to a non-linear filter (Eq. 2.27), where h represents the bathymetry
(Fig. 2.3). The smoothing effect becomes more pronounced as resolution decreases.
r = 4h/h ≥ 0.2 (2.27)
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Figure 2.3: Terrain following stretched sigma co-ordinates over the African continental shelf at 32oS,
θb = 0 θs = 6, r=0.2.
Time stepping in ROMS is performed using a 3rd-order leap-frog / Adams-Moulton (predictor
/ corrector) routine (Shchepetkin and McWilliams, 2005). The separation of barotropic and
baroclinic momentum modes allows the former fast mode to be advanced by multiple short
time-steps during the longer time-step baroclinic calculation. Advantageously, this allows for
calculation of the free-surface, and immediate access to velocity components for use in the
tracer diffusion/advection calculations. Possible instabilities arising from mode splitting errors
are avoided by applying a specific time-averaging filter across the barotropic sub-cycle. This
reduces the risk of aliasing and guarantees exact conservation of tracer properties. Additionally,
the enhanced numerical stability of the forward-backward time-stepping scheme allows for longer
time-steps, increasing computational efficiency.
2.2.4 Advection and diffusion
ROMS uses a 3rd-order, upstream biased advection scheme, which reduces dispersion (Shche-
petkin and McWilliams, 1998). This scheme allows for the preservation of steep gradients
and enhances precision for given resolution. To reduce spurious diapycnal mixing, which of-
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ten attends higher-order diffusion-advection schemes, diffusion and advection are split and the
former is represented by a rotated biharmonic operator, with flow-dependent hyperdiffusivity
(the RSUP3 scheme (Marchesiello et al., 2009)).
2.2.5 Turbulent closure
Unresolved vertical mixing processes, which occur at the subgrid-scale, are parameterised in a
non-local K-Profile Parameterisation (KPP) scheme (Large et al., 1994). The scheme provides
specific parameterisations for mixing in both the ocean interior and in the boundary layers.
The depth of the surface boundary layer, hbl, is determined through the parameterisation of
turbulent process via the bulk Richardson number. Boundary layer turbulence, representative
of stable or wind-driven unstable conditions is communicated through into the ocean interior
via expression for diffusivity and non-local transport. Mixing processes in the interior, such as
double diffusion and shear instability, are parameterised via the Richardson number.
2.2.6 Regional nesting: adaptive grid refinement
Regional nesting allows for an arbitrary number of high-resolution areas, termed ’child’ grids,
to be embedded in the coarser resolution ’parent’ grid. ROMS achieves this through the use of
the Adaptive Grid Refinement in Fortran routines (AGRIF, Debreu et al. (2008)). The AGRIF
approach facilitates two-way information exchange between the parent and child grid, allowing
the high-resolution signal in the nest to be communicated to the wider domain. Typically, child
grids are refined by a factor of three.
Figure 2.4: Baroclinic time-step coupling between a parent 4t0 and a child grid 4t1, for a refinement
factor of 3
In order to satisfy the CFL (Courant-Friedrichs-Lewy) criteria in the refined grid, the parent grid
is advanced a single step to provide boundary conditions for the child. The child is subsequently
updated by the number of time steps necessary to match the parents’ advancement (Fig. 2.4).
The parent is then updated using the spatially averaged values from the child grid. The shorter
time-step required by grid refinement raises computational cost, but, due to a minimisation of
grid-points, the approach is substantially more efficient than developing a high-resolution grid
alone.
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2.3 The AGulhas-Indian-Ocean (AGIO) configuration
The experimental approach outlined in the introduction requires that the model used can satisfy
a number of criteria, listed below:
• First and foremost, as testing the western boundary response to changes in the Indian
Ocean wind field is proposed, it is necessary that the southern basin is captured in its
entirety.
• The basin must be captured at sufficient resolution to capture the mesoscale dynamics
of both the Agulhas source regions and the retroflection; one of the most energetic loca-
tions in the global ocean. Resolution requirements must be weighted against experimental
flexibility and computational cost.
• The domain must extend far enough into the South Atlantic Ocean that Agulhas leakage
changes can be quantified and that boundary conditions do not contaminate the signal.
• The interplay between the Antarctic Circumpolar Current (ACC) is poorly understood,
so it is prudent to have a well established northern branch of the ACC in the domain.
• The bulk flux algorithms must allow adaptation of the wind fields to accommodate sens-
itivity experiments.
The model specifics are discussed in the remainder of this section, with a focus on how they
address the requirements outlined above. Climatological and interannual reference runs are
performed with both the configurations introduced below. A synopsis of the nomenclature used
to refer to these simulations can be found in table 2.1.
2.3.1 Domain specifics
AGIO is an extension of the SAfE configuration (Penven et al., 2006a), constructed using ROM-
STOOLS v. 2.1 (Penven et al., 2008). The domain spans the entire southern Indian Ocean, and
extends from 29oW to 115oE and 48.25oS to 7.5oN. The southern extent of the domain allows
the northern branch of the ACC to be captured. To prevent spurious boundary effects, care has
been taken to keep the western boundary away from the mid-Atlantic Ridge. The configuration
has a resolution of 1/4o, and is designed to capture the prominent features of the Indian Ocean
basin and the mesoscale variability of the greater Agulhas system. Grid spacing at the latitude
of the southern Aguhas Current is v23 km (Fig. 2.5). AGIO is considered eddy-permitting as
this spatial scale is comparable to the first Rossby radius of deformation at this latitude, v30
km (Chelton et al., 1998). Vertical resolution in AGIO is described by 32 σ-coordinate levels,
distributed according to θb = 0 and θs = 6, resulting in an increased concentration in the surface
layers.
The masking applied is consistent with coastal geometry at this resolution, with two excep-
tions. Firstly, it is highly desirable to maintain the eastern Indian ocean in the domain to allow
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Figure 2.5: The extent and resolution of the AGIO domain at 1/4o resolution. The solid line shows
the domain extent. The dashed line shows the extent of the sponge layer. White areas in the Indonesian
Archipelago and around Kerguelin Island indicate masking. The average resolution over the greater
Agulhas region is v23 km.
for full basin scale adjustment and a more accurate transport from the Pacific through the ITF.
However, smoothing of the bathymetry results in the partial closing of the minor tributaries of
the Indonesian Archipelago (e.g. the Sunda and Lombok Straits). This leads to isolated basins
and model instability. To counteract this, much of the Indonesian Archipelago is masked out.
The majority of ITF transport occurs through the Timor Sea. As the Sunda Strait and Lombok
Strait transport only 0.32 (Potemra et al., 1997) and 0.15 Sv (Susanto et al., 2007) respectively,
the loss of transport as a result of this masking is minimal.
Secondly, the shelf around Kerguelen Island forces the terrain following sigma co-ordinate to
bunch together as the bathymetry shallows. Here, due the reduced spacing of the vertical levels,
complications arising from the transition between the diffusivity in the model interior and that
imposed in the sponge layer cause the solution to become unstable. To counteract this issue, the
Kerguelen shelf is masked out. This masking occurs in the sponge layer and has a minimal effect
on the internal solution. Typically σ-coordinate models do not need to parameterise side wall
friction, as no such contact exists. However, this is not true where the model solution encounters
the mask. A free-slip condition is applied where this occurs (Hedström, 1997).
Experiment Forcing/Anomaly Boundary Conditions
AGIOr CNY ORCA05 monthly climatology
AGIOi CI ORCA05 interannual 1948-2007
ARC112r CNY ORCA05 monthly climatology
ARC112i CI ORCA05 interannual 1948-2007
Table 2.1: Summary of experiments performed with AGIO and ARC112. CNY refers to the Core
v.2b normal year forcing fields (Large and Yeager, 2009), CI to the analogous 1948-2007 annually varying
fields (Large and Yeager, 2004)(discussed in section 2.3.3). ORCA05 refers to model from which boundary
conditions are drawn (discussed in section 2.3.2)
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Bathymetry is derived from the 1’ General Bathymetric Chart of the Oceans (GEBCO)1
global topography data set, and bilinearly interpolated onto the grid. As mentioned in the
previous section, pressure gradient errors are reduced by smoothing the bathymetry such that
the smoothing parameter, r, is less than a critical value of 0.2 (Haidvogel and Beckmann, 1999).
As shelf dynamics are not accurately represented at this resolution, the minimum depth at
the shore is set to 50 m. In addition, to prevent the establishment of large coastal walls, the
maximum depth at the shore is set to 500 m. A selective filter is applied to reduce isolated deep-
ocean seamounts, the source of potential PGF errors. Finally, to remove spurious 2D noise, the
bathymetry is twice passed through a Hanning filter.
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Figure 2.6: Comparison of the GEBCO derived bathymetry (contours) and f/h values (shading) in
(a) the AGIO domain with (b) the raw GEBCO bathymetry values. Bathymetry is shown in contours
every 500 m, with the 1000 m contour shown in blue. Note the break in f/h values between the African
continent and Agulhas Plateau.
From Fig. 2.6, it is clear that there are notable differences between the raw and interpolated
bathymetry. There is a widening of the shelf east of Africa, and a reduction in shelf gradient.
In addition, the concave ’divot’ north east of the Agulhas Bank is reduced in the top 2000 m.
Further, smoothing at depth has resulted in a shallower connecting ridge between the continental
landmass and the Agulhas Plateau, severing the f/h contours between the two. As highly
1; http://www.gebco.net














































Figure 2.7: Internal (black polygons) and external (red polygons) bathymetry at the domain bound-
ary (a) before smoothing and (b) after smoothing. The connection at the western boundary is shown.
Bathymetric smoothing does not extend beyond the sponge layer.
barotropic currents tend to follow f/h contours (Schulman, 1975), this raises the possibility
that the bathymetry in AGIO could induce early retroflections by steering the Agulhas Current
offshore too early. However, (Beal and Bryden, 1999) observe that the core of the Agulhas is
highly baroclinic at this point, reducing this effect.
The western boundary of any large-scale regional domain is typically energetic, and the
southern boundary of AGIO lies within the highly barotropic ACC. Bathymetric discontinuities
at these locations have the potential to cause boundary exchange problems. To reduce these
discontinuities, bathymetry at the domain boundaries are smoothed such that it matches that of
the external solution. To achieve this, a linear smoothing parameter, α averages the bathymetry
determined by ROMSTOOLS and that provided by the external solution (hext) in the final 100
km of the sponge layer (Eq. 2.28). A comparison of the pre- and post-smoothed bathymetry
is shown in Fig. 2.7. In the bottom boundary layer, the variable friction coefficient, Cd is
determined according to a Von Kármán log layer (Eq. 2.18 and Eq. 2.19). For AGIO, the
boundary layer roughness parameter zb = 0.01 m and Cd is clipped such that Cmindb = 0.0025
and Cmaxdb = 0.02.




2.3.2 Lateral boundary conditions
AGIO has open boundaries at all four lateral faces. Velocity and tracer conditions at these faces
are derived from the global ORCA05 model (Biastoch et al., 2008a). ORCA05 is a global 0.5o
ocean-only model that appropriately simulates the large-scale circulation of the Indian Ocean,
Atlantic Ocean and Southern Ocean. Boundary conditions are extracted from two ORCA05
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simulations; a 60 year climatology and a 1948-2007 interannual simulations (Biastoch et al.,
2008a). Both simulations start form a pre-spun state initialised with values from Levitus World
Ocean Atlas 19982 and the Polar Science Centre Hydrographic Climatology (Steele et al., 2001).
In the climatological case, AGIO boundary conditions are extracted from the monthly mean
of year 1 to 60 of the ORCA05 climatological simulation. Monthly values are linearly interpol-
ated in time towards the preceding and following month, enabling a smooth transition between
months. For the climatological case, December values are interpolated onto the following Janu-
ary, and vice versa, removing edge-effect discontinuities from the end of the year.
ROMS provides two approaches for providing boundary conditions. Boundary values can be
made available at the boundary edge only, or alternatively can be made available for use in the
sponge layer nudging schemes. Here latter approach is used. The sponge layer, shown in Fig.
2.5, extends 200 km, with a linear ramping of viscosity from 0 m2s-1 in the model interior to
1200 m2s-1 at the domain border.
Within the sponge layer, tracer and momentum outflow are weakly nudged to the external
solution with coefficients of τTout and τMout = 6.430x10-7 s-1. For inflow, nudging coefficients of
τTin and τMin = 1.157x10-5 s-1 are applied to the tracer and momentum fields.
2.3.3 Surface forcing
Surface heat, freshwater and momentum fluxes are derived from v. 2b of the Common Ocean-
Ice Reference Experiments (CORE) reanalysis products, provided by the Geophysical Fluid
Dynamics Laboratory3 (GFDL) (Hereafter referred to as CORE). The global flux fields are
available as a corrected "Normal Year" climatology or corrected interannual, spanning the 1948-
2007 period. A full description of the normal year forcing can be found in Large and Yeager
(2009), while Large and Yeager (2004) describes the interannually varying data set. The CORE
data set provides the following fields at T62 (v2o x 2o) gridded resolution:
• 6-hourly scatterometry corrected NCEP zonal and meridional winds (ms-1)
• 6-hourly NCEP air temperature (K)
• 6-hourly NCEP specific humidity (kg.kg-1)
• Daily satellite derived short and longwave radiation fluxes (Wm-2)
• Monthly satellite derived precipitation rate (kg.m-2.s-1)
The above fields are bilinearly interpolated onto the AGIO grid at a common daily resolution.
Objective analysis is used to fill missing grid points, lost under the coarse resolution T62 land-
sea mask. Daily averages are taken in the case of the 6-hourly fields. To allow the ocean state
to evolve more freely, AGIO incorporates surface fluxes via the bulk forcing described in Fairall
2http://www.esrl.noaa.gov/psd/
3http://data1.gfdl.noaa.gov/nomads/forms/core/COREv2.html
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et al. (1996). This formulation calls for relative humidity, while the CORE data set provides
specific humidity. However, the specific humidity is calculated from the relative humidity early
in the bulk routine, so the algorithm was adapted to take the CORE prescribed value.
Sensitivity testing requires the adaptation of the basin scale wind field. To necessitate
this, the bulk forcing algorithm has been adapted to incorporate an anomaly field. This field,
applied to the zonal wind stress, is linearly increased during year 31 of the experiment (t1 =
9.447408× 108 s, t2 = 9.762768× 108 s), so equation 2.24 becomes equation 2.29. The anomaly,
τxanom , is applied after drag coefficient calculation. In the case of the reference experiments, this
anomaly field is set to zero across the domain.
τx = ρaCd|u10|u10 +

τxanom for t ≥ t2
τxanom .
(t−t1)
(t2−t1) for t2 > t > t1
0 for t ≤ t1
(2.29)
2.3.4 Applying the RSUP3 scheme
To reduce spurious diapycnal mixing v. 2.1 of ROMS introduced the new RSUP3 advec-
tion/diffusion scheme, described in section 2.2.4 and fully described in Marchesiello et al. (2009).
Crucially, Marchesiello et al. (2009) note that it is incorrect to assume that the mixing problem
is reduced with increasing resolution, and may in fact reach a maximum value when eddy-driven
lateral mixing begins to becomes explicitly resolved, i.e. under the eddy-permitting regime that
AGIO operates in. The RSUP3 scheme is activated in all of the simulations performed. Fig. 2.9
shows the effect that this numerical scheme has on the preservation of waters masses at selected
























   0
o
    40
o























Figure 2.8: Mean sea-surface temperature (shading) and salinity (contours) for AGIOr. The black
boxes show domains over which water mass properties are compared in Fig. 2.9 and Fig. 3.4.
Activation of the RSUP3 scheme leads to a substantial improvement in water mass properties
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Figure 2.9: Effects of implementing the RSUP3 scheme. Red (MIX) lines show the old tracer advection
scheme, blue the RSUP3 scheme. Comparisons of mean temperature, (a) to (c), and salinity, (d) to (f),
are shown for the boxes in Fig. 2.8. Mean water mass properties for years 11 to 15 are compared with
WOA2009 (in black) temperature (Locarnini et al., 2010) and salinity (Antonov et al., 2010) and mean
tracer conditions for ORCA05 (in green); used to provide boundary conditions.
across the domain (Fig. 2.9, red (MIX) and blue (RSUP3) lines) The boundary conditions
signals, provided by ORCA05 (Fig. 2.9 green traces), are retained more strongly in the RSUP3
case, as compared to the older MIX case, where diapycnal mixing is over-expressed. This is most
evident in the salinity distribution, shown in Fig. 2.9 panel (e - f). In particular, the scheme
appears to markedly improve the preservation of the halocline in the Agulhas region. The
increase in stratification has significant consequences for the Agulhas, resulting in an increase
in upstream recirculation. The changes in the Agulhas salinity profile in the MIX and RSUP3
experiments are echoed in the water mass properties measured in the Atlantic, suggesting that
the stratification of the Agulhas may have a substantial downstream effect. However, increased
salinity in the Atlantic sector intermediate layers (v700 m) suggests that the properties of
the Antarctic Intermediate Water (AAIW) are being eroded. In all simulations a horizontal
Laplacian mixing coefficient of 100 m2s-1 is applied across the AGIO domain.
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Figure 2.10: Effects of Smagorinsky parameterisation (Smagorinsky, 1963) on Agulhas Current variab-
ility. EKE is shown for year 21-25 of the the AGIO climatology with a horcon of (a) 0.0, and (b) 0.1.
The EKE ratio is derived from the spatial average across the black boxes shown in (a).
2.3.5 Parameterising western boundary viscosity
To correct an unrealistically high level of variability in the western boundary, the horizontal
viscosity, Ah, is parameterised as shown in equation 2.30 and discussed in Penven et al. (2006c).
Ah = horcon×
∆x∆y
2 ×|deformation tensor| (2.30)
Here ∆x and ∆y are the zonal and meridional spatial scales, . The deformation tensor describes
the spatial gradient of the velocity fields. Fig. 2.10 shows the effect that this parameterisation
has on the Agulhas Current. The prevalence of upstream recirculation is quantified through the
ratio of eddy kinetic energy (EKE) in the downstream retroflection region, to that upstream
around 30oE. EKE values for each section are calculated as spatial averages across the boxes
shown in Fig. 2.10. With horcon = 0 (no parameterisation), there is increased upstream
recirculation north east of the Agulhas Plateau (Fig. 2.10a), as shown in the ratio of 1.32 between
the upstream and downstream variability. This recirculation dissipates as horcon increases, and
the ratio of variability reaches 1.7 at horcon = 0.1.
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Figure 2.11: As in Fig. 2.10, but for (a) AGIOi with horcon = 0.025, and (b) AVISO 7-daily altimetry.
Both panels show the 1992-2007 period.
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As viscosity increases, the mean position of the retroflection moves westward. At a horcon
= 0.025 the retroflection position and EKE pattern most closely resemble altimetry. Fig. 2.11
shows the comparison of EKE for 1992-2007 derived from altimetry with AGIOi at this horcon
value.






























































Figure 2.12: Evolution of diagnostic properties during the initial spin-up period
2.3.6 Initialisation and primary spin-up
AGIOr is initialised from January of the ORCA05 and CORE climatologies and is spun for 30
years. Kinetic equilibrium is reached following a rapid 2 year adjustment period (Fig. 2.12).
However, it requires v15 years for the tracer fields to reach quasi-equilibrium, such that there
is no long term trend in the surface ocean water mass properties (Fig. 2.13). The interannual
simulation, AGIOi, is initialised from January 1948, and spun for 30 years using the 1948 fields.
Subsequent to this, the full 1948-2007 period is analysed at 5-daily resolution.
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Figure 2.13: Evolution of trace properties during the initial spin-up period
2.4 The Agulhas Regionally nested Configuration (ARC112)
The higher order numerics employed by ROMS allows for significant eddy variability to be
captured at eddy-permitting resolutions (Fig. 2.10) (Rouault et al., 2009; Penven et al., 2006c).
However, the full range of mesoscale processes that determine the coastal detachment of the
Agulhas Current, and the dynamics of the retroflection are likely best captured in eddy-resolving
configurations.
Higher resolutions ROMS configurations have previously shown to be capable of simulating a
leakage comparable to that observed. For example, the 1/10o configuration described by Doglioli
et al. (2006) captured a leakage of 14 Sv. However the configuration used is highly regionalised
and excludes upstream variability. The mesoscale dynamics of the Agulhas source regions, and
their connection to the wider Indian Ocean basin exerts an influence on the timing and path of
Agulhas rings (Biastoch et al., 2008c; Schouten et al., 2002a). However, the development of a
basin-scale eddy-resolving configuration is infeasible, due to the prohibitively expensive compu-
tational cost. The inclusion of AGRIF capability in ROMS v. 2.1 (Debreu et al., 2008) allows
high-resolution grids to be deployed locally as regionally nested configurations. This approach
allows for areas of specific interest to be rendered with high precision without incurring greatly
increased integration times. The Agulhas Regional Configuration (ARC112) is an adaptation
of the AGIO configuration, which uses this approach. A regional nest, designed to capture the
variability of the southern Agulhas Current, retroflection and Agulhas Leakage at eddy-resolving
resolutions, is embedded within the previously described AGIO domain. The eddy-permitting
nature of the AGIO configuration allows the connections to the upstream mesoscale variability
of the Agulhas source regions and the basin-scale variability to be maintained.
2.4.1 Domain specifics
The ARC112 nest extends from 0oE to 40oE, 45.5oS to 29.5oS at a resolution of 1/12o, a
refinement factor of 3 over the original AGIO parent grid (Fig. 2.5). The child domain is
connected to the parent solution through a 50 km sponge layer in which viscosity is linearly
ramped up to 200 m 2s-1. Coefficients for horizontal mixing and viscosity are both set to zero.
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Figure 2.14: The extent and resolution of the AGIO and ARC112 domains at 1/4o and 1/12o resolution,
respectively. The solid line shows the domain extent. The dashed lines shows the extent of the respective
sponge layers.
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Figure 2.15: Comparison of the GEBCO derived bathymetry (contours) and f/h values (shading) in
(a) the ARC112 nest with (b) the raw GEBCO bathymetry values. Bathymetry is shown in contours
every 500 m, with the 1000 m contour shown in blue. Note the constant f/h values between the African
continent and Agulhas Plateau.
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Interpolation of the nested bathymetry is preformed using the same approach as that described
for AGIO (section 2.3.1). Fig. 2.15 shows a comparison between the GEBCO bathymetry as
interpolated onto the ARC112 grid (Fig. 2.15a) and the raw GEBCO bathymetry (Fig. 2.15b).
The new bathymetry does not display the widening of the continental shelf, minimisation of
Agulhas Bank relief and severing of the f/h contours between the Agulhas Bank and continental
margin that are present in the 1/4o interpolation.
2.5 Retroflection behaviour
Simulated retroflections may occur under two regimes; an erroneous high-viscosity case and an
inertial case (Dijkstra and de Ruijter, 2001). As viscosity is in part determined by grid spacing,
the horizontal resolution of a model is critical in determining the extent to which the retroflection
is inertially governed. Dijkstra and de Ruijter (2001) suggest a grid-spacing surpassing 1/6o is
required to attain the inertial case. However, effective resolution is not a function of grid-spacing
alone (Winther et al., 2007).
Attempts have been made to re-configure the AGIO domain at 1/6o resolution. However, this
did not yield satisfactory results, producing a leakage of v40 Sv, comparable with that of Speich
et al. (2006), and reducing the flexibility of the configuration. More recently, Beal et al. (2011)
suggest that a resolution of 1/10o is required to accurately simulate the coastal detachment of
the Agulhas current, though no physical reason for this number is given. Simulations of Gulf
Stream detachment by Chassignet and Garraffo (2001), show that even at 1/10o, numerical
choices, and the parameterisation of viscosity, still play a key role in both the detachment of a
western boundary current and the behaviour of the free jet.
2.5.1 Effective resolution and numerical viscosity
The effective resolution of a model configuration is dependant on the numerical schemes em-
ployed (Winther et al., 2007), and not simply a function of grid spacing. ROMS employs a
3rd-order upstream biased advection scheme and a 3rd-order leap-frog / Adams-Moulton (pre-
dictor / corrector) algorithm for the time stepping. These higher-order numerics allow for a
greater effective resolution, attributable to the increased accuracy in the momentum scheme
(Shchepetkin and McWilliams, 1998).
At the western boundary the Agulhas Current is selectively damped, based on the paramet-
erisation of horizontal viscosity (Smagorinsky, 1963) (described in Eq. 2.30), a common practice
for western boundary currents (Chassignet and Garraffo, 2001). However, the Laplacian viscos-
ity coefficient, AH , remains small throughout, with an average value of 95 m2s-1 in AGIO and
35 m2s-1 in ARC112. Both values are substantially less than the 330 m2s-1 used in Boudra and
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Figure 2.16: Comparison of surface viscosity in (a) the ARC112r and (b) the AGIOr configurations,
with Ekman numbers for each calculated in the top 1500 m over the Agulhas box, shown in black.
The Ekman number, E, is a function of the horizontal viscosity (Eq. 2.31). Here, r is the
characteristic length scale, and f is the Coriolis frequency. Fig. 2.16 shows the average horizontal
viscosity in the top 1500 m for the AGIOr and ARC112r simulations. Calculating the Ekman
number across the Agulhas Current yields respective values of 1.63 x 10-8 and 7.75 x 10-9,
suggesting that both should reside in the inertial regime Dijkstra and de Ruijter (2001), an
assertion explicitly tested in the following section.
2.5.2 The vorticity balance
The processes governing the behaviour of the retroflection, and the contributions of viscosity
and inertia can be quantified through the vorticity terms. To calculate these, the horizontal
momentum equation tendency terms, extracted from AGIOr and ARC112r are averaged for five
years. Taking the curl, and integrating over depth H, the vertical average of the equation for
the vertical component of vorticity is derived (Eq. 2.32).
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∇h ×∇hAh∇huh dz︸ ︷︷ ︸
∇×Horizontal Mixing (HMIX)
(2.32)
Here, u (uh) is the (horizontal) velocity vector, z and w the vertical coordinate and velocity, f
the Coriolis parameter, k the vertical unity vector and Av/Ah the vertical/horizontal turbulent
mixing coefficients. Due to the vertical integral, VMIX is the difference between the wind stress
curl and the vertical mixing flux at the bottom of the layer, which should be small at 300 m.
The ∇× Coriolis term is separated into planetary advection (Eq. 2.33) and vortex stretching
(Eq. 2.34) contributions. For precision, the latter is diagnosed from the difference between
the β-effect and ∇× Coriolis terms. The ADV and HMIX terms represents relative vorticity













Fig. 2.17 shows the retroflection vorticity balance for the top 300 m of ARC112 and AGIO.
In the current core, high meridional velocity produces a strong β-effect. In general, this and
vortex stretching are balanced by advection. The viscous stress term is small throughout, but
increases at the western boundary due to steep topography and the Smagorinsky parameterisa-
tion (Smagorinsky, 1963). However, even here, HMIX (Fig. 2.17 second row from the top)
is dominated by ADV, VSTR and BETAV terms in both AGIO and ARC112. Small positive
values of HMIX inshore of the current at the shelf break (35oS) in ARC112 are indicative of
an inertial overshoot, consistent with Boudra and Chassignet (1988) experiment E11. Positive
vortex stretching inshore of the current in both configurations is characteristic of the isopycnal
shoaling associated with this overshoot (Boudra and Chassignet, 1988).
The retroflection loop itself is predominantly governed by advection and vortex stretching,
with the β-effect playing a small role in the return current meanders (de Ruijter et al., 1999a).
The well defined VSTR and ADV patterns around the Agulhas Plateau at 26oE strengthen
with current transport, indicating a potentially strong topographical control downstream of the
retroflection (Matano, 1996; Speich et al., 2006). In general the β-effect, advection and stretching
terms are stronger in the ARC112 return current than in its lower resolution counterpart, but a
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Figure 2.17: Depth integrated vorticity balance terms for the top 300 m for a) ARC112 and b) AGIO,
derived via Eq. 2.32 to Eq. 2.34.
2.6 Conclusions
Like all western boundary currents, the greater Agulhas is predominantly a wind driven system.
However, numerical modelling of the Agulhas system underlines the decisive role that inertia,
viscosity, eddy-mean interaction and bathymetry all play in the behaviour of the western bound-
ary current, the dynamics of the retroflection and specifics of ring shedding (section 1.4). As
such, any simulation that hopes to capture these processes in a realistic configuration must
possess low numerical viscosity, facilitate eddy variability and accurately represent interaction
with topography. ROMS satisfies all these constraints, providing a numerical architecture that
is computationally efficient, numerically precise and, from an experimental perspective, highly
flexible (section 2.2).
Here, two complimentary ROMS configurations, AGIO and ARC112, are developed, making
geographic and numerical choices that are intended to maximise the accuracy of the regional
circulation and mesoscale variability of the Indian Ocean basin and western boundary. Further,
the implementation of the ARC112 improves the representation of the mesoscale variability at
the retroflection and the magnitude of inter-basin flux south of Africa. These improvements are
fully discussed in the following chapter, where the behaviour of both configurations is compared
to observations.
Chapter 3
Assessing the AGIO and ARC112
configurations
3.1 Introduction
In order to make inferences about reality from models, it is necessary to assess their behaviour
through variables that can be directly compared with observational data. Western boundary
responses are intrinsically linked to the large-scale behaviour of the adjacent subtropical gyre.
In the Agulhas this is coupled with a substantial mesoscale signature and therefore requires
variability to be considered on various spatial and temporal scales. Chapter 2 presents the
development of two regional configurations, AGIO and ARC112, designed to explore the regional
response to changes in the large-scale Indian Ocean wind field. In this chapter, to evaluate the
performance of these configurations, model behaviour is compared with in situ observations,
remote sensing data products, and published transport values.
Here, the two configurations are assessed under three broad headings; tracer distribution,
basin-scale circulation and mesoscale features. The heat and salt flux associated with the Agul-
has leakage exerts a controlling influence over the multi-decadal variability of the AMOC (Weijer
et al., 1999, 2002; Biastoch et al., 2008a). However, the thermocline water masses of the Agulhas
system, from where the leakage derives its properties, are determined in the tropical and sub-
tropical gyres of the Indian Ocean basin. Consequently, any characterisation of leakage through
heat and salt flux necessitates that Indian Ocean water masses (described in section 1.2.5) are
correctly represented. In the first instance, water mass properties are compared to climatolo-
gical values. To assess interannual variability in the surface ocean, sea-surface temperature fields
are compared to observations using Tropical and Subtropical Indian Ocean dipole indices as a
diagnostic. This approach also allows us assess the response of the surface ocean to the bulk
forcing routines employed, giving a measure of how well upper ocean processes are captured.
The primary concern of this work is the relationship between the Agulhas Current transport
and the Agulhas leakage magnitude under changing wind conditions. It is, therefore, essential
to establish to what extent the regional transports and basin scale circulation patterns match
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observed values. Lastly, as presented in chapter 1, the mesoscale variability of the Agulhas
Current plays a defining role in determining its behaviour. Upstream eddies in the source
regions and transport pulses associated with the Natal Pulse meander may exert an influence
on the timing of ring shedding at the retroflection (Schouten et al., 2002a; Penven et al., 2006c;
Biastoch et al., 2008c; Pichevin et al., 1999). Altimetry suggests that these rings subsequently
take multiple paths across the Cape Basin (Dencausse et al., 2010a). However, as previously
mentioned, in many cases models exhibit substantial biases in ring path, and fail to reproduce
this spread (Maltrud and McClean, 2005). Often, this bias is associated with unrealistically
high levels of upstream recirculation (Wallcraft et al., 2003), erroneous retroflection positions
Sasaki et al. (2005), or an Agulhas Current that is expressed through a discontinuous ‘eddy
train’ (Barnier et al., 2006; Backeberg et al., 2009). For HYCOM, these discrepancies are ably
summarised by Thoppil et al. (2011). It should be noted that these model maladies occur
irrespective of resolution, and it is false to assume that decreasing grid spacing automatically
delivers an improvement in model performance. In consequence, assessing the performance of
both configurations in the retroflection region is of paramount importance.
With these factors in mind, the AGIO and ARC112 configurations are assessed against the
following requirements:
• The water mass properties of the Indian Ocean and Agulhas region are well represented.
• Interannual variability associated with the Tropical and Subtropical Indian Ocean dipole
modes is captured.
• Basin scale circulation and regional transports are consistent with those observed.
• Key mesoscale features, such as MZC eddies, EMC dipoles, Natal Pulses are represented.
• The mesoscale variability associated with these features is consistent with observed mean
and eddy kinetic energy distributions.
• The position of the Agulhas Retroflection compares well with that derived from altimetry
• The magnitude of the Agulhas leakage approximates drifter based estimates.
• The various Agulhas Leakage mechanisms are present; and the Agulhas ring path is not
overly biased
3.2 Data sets and methods
3.2.1 World Ocean Atlas, 2005
Water mass properties for the model solutions and boundary conditions are compared with those
derived from WOA051, provided by the National Oceanographic Data Center (NODC). WOA05
1http://www.nodc.noaa.gov/
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consists of a gridded climatology of objectively analysed temperature (Locarnini et al., 2010)
and salinity (Antonov et al., 2010) measurements at 1o x 1o horizontal resolution, spread over
33 depth levels from Z = 0 m to Z = 5500 m.
3.2.2 SODA v. 2.1.6
Climatological hydrographic measurements allow for verification of the mean tracer distribution
across the domain. However, it is additionally useful to confirm that interannual signals are
represented. The Simple Ocean Data Assimilation forecast product (SODA2)(Carton and Giese,
2008) uses an OGCM forced with era-40 winds to predict the ocean climate state, subject to
continuous correction through assimilation of observations. SODA v.2.1.6 spans the 1958-2008
period at monthly mean resolution, assimilating virtually all hydrographic data for the period.
Data are provided on a 0.5o x 0.5o x 40 z-level grid.
3.2.3 Expendable Bathythermograph (XBT) and Argo float profiles
Although SODA assimilates XBT and Argo data, it is a reanalysis product and not direct
observations. Uncorrected, observed level, XBT data for the Indian Ocean were sourced from
the NODC World Ocean Database. As XBT use in the Indian Ocean decreases significantly in
the 1990s, quality controlled, delayed-mode, Argo float profiles are also included in the analysis.
These are sourced from the US GODAE project3.
3.2.4 Satellite altimetry products
Due to its extent and turbulent nature, observations of the greater Agulhas system are somewhat
sparse. However, the mesoscale variability of the system can be assessed through its sea-surface
height variability, which can be derived from gridded from altimetry products. Here, the gridded
Ssalto/Duacs synthesis product, distributed by AVISO4, is used. Sea level anomalies, derived
from the Jason-1, Envisat, GFO, ERS-1, ERS-2 and Topex-Poseidon platforms, are merged with
the corrected Rio09 mean dynamic topography (Rio et al., 2011). The delayed-time altimetry
products are provided on a regular 1/4o x 1/4o grid, and are available from October 1992 to
present at 7-daily resolution.
3.2.5 Comparing climatological tracer fields
Although ORCA05 and WOA05 tracer fields are discretised in the vertical by a z-coordinate,
spatial averaging of the regional σ-coordinate fields requires some interpolation, due to variation
in the level depths. Here, depth slices are extracted from the AGIOr and ARC112r fields at
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3.2.6 Indian Ocean climate indices
To assess the interannual evolution of the sea-surface state, interannual time series of SST in the
tropical and sub-tropical Indian Ocean are compared with climate indices for the tropical and
sub-tropical Indian Ocean dipole modes. For the tropical dipole mode (DMI), an SST anomaly
between spatial averages across a western (50oE to 70oE, 10oS to 8oN) box and eastern (90oE
to 110oE, 10oS to 0oN) box is constructed, consistent with Saji et al. (1999). To remove decadal
and intra-annual variability, the detrended anomaly time-series is smoothed with a 5-month
window, before normalisation by the standard deviation. For the subtropical mode (STIOD)
the same methodology is applied but using a western box spanning 55oE to 60oE, 37oS to 27oS
and eastern box spanning 90oE to 110oE, 28oS to 18oS, as described in Behera and Yamagata
(2001).
3.2.7 Upper ocean properties: tropical cyclone heat potential (TCHP)
Although dipole indices give an indication of how well surface fluxes translate to the ocean
surface, they do not provide any information on the communication of this signal into the
thermocline. During the development of the model, the output was used in an associated study
investigating the effects of upper ocean heat content on the generation of tropical storms (Malan
et al., 2013). As it is directly comparable with observations, TCHP is used as a diagnostic to
assess the interannual variability of the simulated tropical Indian Ocean thermocline. TCHP is




(T − 26)δz (3.1)
where, T is the temperature, ρ is the density and Cp is the specific heat capacity of sea-water.
While ρ is dependant on depth, the change in the upper ocean is minimal, justifying moving it
outside of the integral.
TCHP time series for AGIOi and SODA are constructed from the spatially averaged values
across a box spanning 50oE to 70oE, 12oS to 8oS, as described in Xie et al. (2002). Monthly
mean values are then averaged across the November-April cyclone season, resulting in an average
TCHP value for each year. An observational TCHP record is reconstructed from XBT and Argo
float data in a similar fashion. All float data for the defined box across the cyclone season is
averaged for each year. The number of profiles used in each averaging process is noted on Fig.
3.8.
3.2.8 Agulhas diagnostics: Mesoscale variability
Values for EKE and MKE are calculated from the 5-daily model SSH, and 7-daily AVISO mean
sea-level anomaly (MSLA) fields. Geostrophic velocities, are calculated from the SSH fields
according to equations 3.2 and 3.3. MKE and EKE are subsequently calculated using equations
3.4 and 3.5.
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where g is the acceleration due to gravity, f is the Coriolis parameter, and ζ is SSH. Velocity
anomalies u′ = u− ū and v′ = v− v̄, where ū and v̄ represent the annual mean velocities centred
about u and v, respectively.
3.2.9 Agulhas diagnostics: Retroflection position
Retroflection extent is derived via a sea-surface height (SSH) contour, tracked through the
5-daily fields (following Backeberg et al. (2012)). The contour value is determined from the
mean SSH spanning 30oS-32.5oS, 28oE-32.5oE, capturing the upstream Agulhas Current where
the flow is less turbulent (Fig. 3.18). To capture the inshore current edge, the mean value is
considered where 200 m < h < 1500 m. The westernmost contour value is taken as maximum
loop extent. Retroflection positions are spatially binned into 1/2o longitudinal boxes, producing
a zonal probability density function for each experiment.
3.3 Comparison with observations
3.3.1 Hydrography: Surface tracer properties
The distribution of tracer properties is governed by three mechanisms; the incorporation of
surface fluxes, the incoming signal form the lateral boundary conditions, and internal physical
processes. As such, while the sea surface state may be largely driven by the atmosphere, the
underlying thermocline properties are in part determined by the ORCA05 values used at the
boundary. For this reason, the ORCA05 tracer fields will be shown along-side the regional
distributions and those derived from observations.
Comparison with observations shows that AGIOr and ARC112r exhibit a realistic SST pat-
tern across the domain (Fig. 3.1 a, b, d). The warming in the eastern tropical Indian Ocean
is indicative of the influx of warm Pacific waters via the ITF. Further south, the sharp SST
gradient poleward of v40oS represent the frontal zones that form the northern edge of the ACC.
Here, there is evidence of more turbulence in the simulated SST, a consequence of the higher
resolution employed in the regional configurations. South of this frontal zone, cold SSTs indicate
the ACC proper.
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Figure 3.1: Sea-surface variables for AGIOr, ARC112r and WOA05. Panels a through d show clima-
tological mean SST for AGIOr, ARC112r, ORCA05 and WOA05, respectively, with panels d through f
showing the analogous SSS fields.
In the south east Atlantic, cooler temperatures toward the African coast are indicative of
the Benguela Upwelling System, which appears slightly cooler in AGIOr and ARC112r than it
does in ORCA05 (Fig. 3.1 a, b, c). The Agulhas Current is more clearly realised in the regional
simulations, a result the increased definition of the western boundary at higher resolutions. In
AGIOr, the thermal imprint of the Agulhas Current appears to extend further into the Cape
Basin than in ARC112r.
SST anomalies show that ARC112r is warmer than observations in the subtropical Indian
Ocean, although the discrepancy is less than 1oC (Fig. 3.2 a). Increased SST along the Indone-
sian and Australian coast is likely due to the incorporation of the boundary condition values.
Fig. 3.2b indicates that ORCA05 is also substantially warmer than the regional fields throughout
the tropical eastern Indian Ocean.
Larger anomalies of v1.5oC occur in the tropical Atlantic Ocean. Here again, regional
behaviour echoes that of the boundary conditions, suggesting that part of this signal may be
inherited from bias in the large scale solution. SST anomalies in the sub-tropical Atlantic
are slightly lower in ARC112r than they are in AGIOr (not shown), suggesting an increased
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Figure 3.2: Climatological a) ARC112r and b) ORCA05 sea-surface temperature (SST) anomalies from
WOA05 fields.
Agulhas leakage in the latter. Substantial anomalies of both signs also occur along the sub-
tropical front. However, given the turbulent nature of this feature and the lack of an eddy-field
in either ORCA05 or WOA05, this is perhaps unsurprising. In ARC112r, the SST directly south
of the STF south of Africa is also high, suggesting a possible over-expression of cross frontal
mixing in this region.
The distinct signal of the ITF and ACC are also evident in the SSS signal (Fig. 3.1 e, f),
however, from the anomalies it is clear that both are more saline than observed (Fig. 3.3a). The
abnormally warm and saline ACC is potentially inherited from the large-scale solution, lying, as
it does, along the southern boundary of the regional domain (Fig. 3.3b). Comparing Fig. 3.1 e
and h, it appears that the large anomalies around the Indonesian archipelago may be indicative
of the masking used, reducing the input of fresh pacific waters through the Lombok Strait.
By far the largest anomalies occur in the tropical Atlantic Ocean, where all simulations are
substantially more saline than observations (Fig. 3.3). However, while ORCA05 shows some bias
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Figure 3.3: As in Fig. 3.2 but for sea surface salinity (SSS).
in SSS in this location, the situation is worse in ARC112r (and AGIOr), which show an increase
of v1. In the Gulf of Guinea, this large anomaly, is likely in part attributable to the lack of a
regional river run-off scheme. The missing Congo River may exacerbate an already unrealistically
saline tropical Atlantic, partially prescribed by the ORCA05 conditions. Alternatively, it may be
that severing the Atlantic gyre prevents basin scale adjustment processes, resulting in unrealistic
Atlantic tropical dynamics in the regional simulations. Further south, these anomalies become
less severe, but, excepting the subtropical gyre, the entire south Atlantic is more saline than
observed at the surface, consistent with ORCA05.
3.3.2 Hydrography: Sub-surface tracer distribution
Fig. 3.4 shows a comparison of sub-surface tracer distributions in AGIOr, ARC112r, ORCA05
and WOA05. The thermocline is quite accurately represented in both AGIOr and ARC112r (Fig.
3.4 a to c), although it is deeper than expected in the Atlantic sector (Fig. 3.4b). The thermal
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Figure 3.4: Tracer distributions with depth for AGIOr (blue), ARC112r (red), ORCA05 (green) and
WOA05 (black). Panels show temperature in the top 2000 m for (a) the Indian Ocean, (b) Atlantic
Ocean (c) Agulhas Current boxes shown in Fig. 2.8. Panels (d) to (f) show the analogous salinity fields.
structure of the Agulhas is accurately represented in AGIOr, which closely approximates the
WOA05 data (Fig. 3.4c). However, in ARC112r it is much shallower suggesting that the level
of eddy-variability plays a role in determining the thermocline depth in the western boundary.
Variations in salinity profiles in the Indian, Atlantic and Agulhas sections are much greater
than their temperature counterparts (Fig. 3.4 d to f). Although the halocline depth in the
Indian ocean is well preserved, there is a distinct bias in near-surface salinity in this basin.
However, in part this bias may be inherited from the ORCA05 boundary conditions, which
shows the same signal, though less pronounced (possibly due to the SSS restoring employed in
the OGCM (Biastoch et al., 2008a)). The Atlantic halocline is somewhat eroded, though the
near surface values coincide. Above 1500 m, there are substantial discrepancies between the
observed salinity distribution and the simulated ones. AGIOr and ARC112r show an erosion of
the salt gradient around 1000 m, and all three model configurations show a distinct shallowing of
the halocline. This shallowing with increasing resolution suggests that vertical mixing, possibly
driven by increased mesoscale activity, may play a role in the salt distribution here. In addition






















































































































































Figure 3.5: Meridional transects through the top 1000 m of the Indian Ocean at 80o (panels a and
c) and the Atlantic Ocean (panels b and d). The top panels show the AGIOr fields, the bottom panel
show the WOA05 climatological fields. Potential temperature is shown in shading, salinity is shown in
the contours at 0.25 intervals from the heavy black 35 contour.
AGIOr and ARC112r show a notable surface bias in the Agulhas sector, though they show
minimal deviation from each other in their SSS and SST signals, suggesting that there is no
resolution dependance in the incorporation of bulk-forced surface data.
3.3.3 Hydrography: Water masses
Cross sections through the Atlantic and Indian Oceans (Fig. 3.5) show that the meridional
distribution of upper ocean water masses is well captured. In the Indian Ocean it is clear that
although the temperature distribution is reasonably well simulated, the salinity at 200 m is too
high in the tropics (Fig. 3.5a), indicating an overly saline South Indian Central Water (SICW).
The shoaling of the 35 contour at the equator also indicates suggests that the Indian Equatorial
Water (IEW) is more confined to the surface layers than observed (Fig. 3.5a and c).
In the Atlantic, the 35 isohaline is v100 m deeper in AGIOr north of 30oS. As a result, the
simulated surface layers are substantially more saline than in the observations, while the ocean
below 700 m is fresher. Further, the tropical Atlantic is warmer than observed down to around
700 m. In both transects, the distinct cooling and freshening of the upper-ocean south of 40oS,
indicative of the transition to the southern ocean frontal zones, mirrors the observed signal.













































































































































































Figure 3.6: Water mass properties of the Indian Ocean sector (panels a and b) and Atlantic Ocean sector
(panels b and d). The top panels show the AGIOr fields, the bottom panels the WOA05 climatological
fields. The sectors are as shown in Fig. 2.8. The following water masses are labelled; Antarctic Inter-
mediate Water (AAIW: S v34.7), Antarctic Bottom Water / Circumpolar Deep Water (AABW/CDW:
S = 33.8 - 34.6), North Atlantic Deep Water (NADW: S v34.8), South Atlantic Central Water (SACW:
v35.5), Indian Equatorial Water (IEW: S = 34.9 - 35.3), South Indian Central Water (SICW: S = 34.6
- 35.8) and Indian Deep Water (IDW: S v34.7) (see table 1.1).
Taking a census of the distribution of tracer properties in the Atlantic and Indian Ocean
sectors shown in Fig. 2.8, it is clear that the major water masses of the two ocean basins are
reproduced (Fig. 3.6). Antarctic Intermediate Water (AAIW) and Circumpolar Deep Water
(CDW) pervade the deep layers of both basins, with Indian Deep Water (IDW) and Antarctic
Bottom Water (AABW) present in the Indian and Atlantic Oceans, respectively. North Atlantic
Deep Water (NADW) forms a substantial component on the deep and middle layers of the
Atlantic. The middle layers are dominated by South Indian and South Atlantic Central Waters
(SICW and SACW). However, the fresh Indian Equatorial Waters (IEW), present in observations
(Fig. 3.6c) do not feature in the AGIOr signal ((Fig. 3.6a). Typically IEW is generated in the
mid-Indian Ocean, north of 8oS (Emery, 2001). Failure to capture the IEW may indicate that
the northern boundary of AGIOr prevents the correct formation of this water mass by failing to
fully capture equatorial signals in the basin.
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3.3.4 Interannual signals
Interannual variations in SSTs in the Indian Ocean basin can be expressed through the tropical
(DMI) and sub-tropical (STIOD) dipole indices (Saji et al., 1999; Behera and Yamagata, 2001).
Comparison of the these indices with observed values suggests that the atmosphere is appro-
priately communicated to into the surface ocean on an interannual timescale (Fig. 3.7). Time
series for the DMI correlates well with observations, with a coefficient of 0.73 at the 99% confid-
ence interval. Similarly, for the STIOD, there is a coefficient of 0.77 also at the 99% confidence
interval. Further, all major events, appear to be captured in AGIOi, though the variability in
the simulated index is lower than observed before 1975.
Although the dipole indices provide a way of assessing the ability of the bulk formulation
to communicate the atmosphere to the sea-surface state, it provides minimal information about
sub-surface signals in the tropical Indian Ocean. To assess this, the upper ocean heat content
above the Seychelles-Chagos Thermocline Ridge, an area sensitive to both direct wind forcing
and remote Rossby wave forcing (Hermes and Reason, 2009) has been used to create a time
series for tropical cyclone heat potential (TCHP). Fig. 3.8 compares Indian Ocean TCHP time
series extracted from ARC112i, SODA and XBT/Argo float based observations. ARC112i and
SODA show a consistent TCHP signal, reflected in the high correlation coefficient between the
two time series (r=0.77 at p=99%). ARC112i values also fall within 1 standard deviation of the
observed values. Notably, years where observations suggest a spike in THCP (i.e. 1973, 1997
and 2007) also register in the interannual simulation.




Corr: 0.73 p: 0.01Tropical Indian Ocean Dipole






Corr: 0.77 p: 0.01Sub−tropical Indian Ocean Dipole
Index ARC112i
Figure 3.7: Comparison of Tropical and Sub-tropical Indian Ocean dipole indices, derived from the
ARC112i, compared with the HadISST1-derived published values in Saji et al. (1999) and Behera and
Yamagata (2001), respectively. A similar pattern is seen in AGIOi.
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Figure 3.8: Tropical cyclone heat potential (TCHP) as extracted from ARC112i (black), SODA (grey),
XBT(blue) and ARGO data (green). TCHP is extracted across a box spanning 50oE to 70oE, 12oS to 8oS
and averaged across the November to April cyclone season for each year. Error bars cover ±1 standard
deviation in the observed values. The number of observations for each cyclone season is shown. Red
triangles indicate the number of tropical cyclone days for each season (Malan et al., 2013).
3.3.5 Basin-scale circulation and western boundary transports
The mean sea surface height (SSH) for the 1992-2007 period suggests that all interannual sim-
ulations exhibit a large-scale circulation that is consistent with observations (Fig. 3.9). There
are suggestions that flow from the Pacific, via the ITF, is stronger than expected.
Barotropic streamlines entering the domain north of Australia echo this (Fig. 3.10), showing
an influx of 20 Sv via the ITF. This flow, prescribed by the open boundary conditions, is slightly
higher than the 16 Sv observed (Godfrey, 1989). South of Australia, a further 10-15 Sv flux enters
the model domain at 155oE, via the Tasman leakage, a value that is consistent with observations
(Sokolov and Rintoul, 2009) and inverse modelling studies (Ganachaud and Wunsch, 2000) at
this longitude.
The barotropic transport functions (Fig. 3.10) show that the Indian Ocean tropical and sub-
tropical gyre systems are well established, transporting 20 Sv and 80 Sv at their most intense.
High speeds at 100 m speeds reflect the dominant upstream contributors to Agulhas Current
variability; the MZC and EMC.
Transport contributions from the MZC and EMC reach a conflux in the northern Agulhas
Current, forming a coherent western boundary flow south of 26oS. These upstream transport
contributions are augmented by a further 30 Sv, derived from the SWIO sub-gyre, which re-
circulates retroflected Agulhas waters south of Madagascar (shown in the dark blue shading
of Fig. 3.10). Barotropic transport contours indicate that most of this flow reaches the Agul-
has retroflection. The incoherent transport path between the south Atlantic and Indian Ocean
basins reflects the expression of Agulhas leakage via Agulhas Rings (Lutjeharms and Gordon,
1987). The southern branch of the supergyre is more clearly shown by the (arbitrary) zero trans-
port line spanning the domain. South of this line, eastward transport indicates the Antarctic
Circumpolar Current (ACC).
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Figure 3.9: Mean sea-surface height fields for (a) AGIOi and (b) ARC112i for the 1992-2007 period, in
shading. Black contours show the analogous fields, derived from the AVISO absolute dynamic topography,
in 20 cm degradations. The heavy black lines show the arbitrary zero line for AVISO field.
Table 3.1 compares regional transports for each model with those observed. To facilitate
this comparison, transports are calculated across the same transects used for the observations,
and, where possible, using the same time-basis. For the Agulhas Current, Eulerian fluxes are
calculated using the Physical Analysis of Gridded Ocean Data (PAGO5) toolkit. PAGO produces
a best-fit step-function between specified points, using minimum interpolation to retain accuracy,
and taking into account the native model grid. Eulerian and Lagrangian estimates for the
Agulhas leakage are calculated across the Cape Basin, and northern sections of the Goodhope
Line (as in Richardson (2007)), respectively. A full description of this methodologies used to
calculated these estimates can be found in Chapter 3.
The Agulhas Current draws waters from the East Madagascar Current (EMC) and Mozam-
bique Channel (MZC), which have measured transports of 20 Sv (Donohue and Toole, 2003)
and 16.7 Sv (Ridderinkhof and de Ruijter, 2003), respectively. Modelled transports for the MZC
5http://www.whoi.edu/science/PO/pago
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Figure 3.10: Barotropic transport function for (a) AGIOi and (b) ARC112i for the 1992-2007 period
(shading) contoured at 10 Sv intervals. Green vectors show the velocity at 100 m. The ACB , SEMCD
and MZCR sections are derived from Bryden et al. (2005), Donohue and Toole (2003) and Ridderinkhof
and de Ruijter (2003), respectively, and are used to make comparisons with observations (Table 3.1)
are v9 Sv higher, at about 26.9 Sv for AGIOi and 25.3 Sv for AGIOi and ARC112i, respect-
ively. Similarly for the EMC, regional values of v29 Sv are higher than the observed value.
The eddying nature of the MZC, and dipole formation in the extension of the EMC are both
captured in the AGIO and ARC112 parent configurations (Fig. 3.11). Further downstream,
AGIOi and ARC112i record transports of 76.9 Sv and 76.1 Sv for the Agulhas Current at 32oS,
almost exactly matching the 78.6 Sv observed (Bryden et al., 2005; Biastoch et al., 2009a). Mean
regional transports for the climatological simulations are similar to their interannual counter-
parts, though the variability is lower, due to the shorter sampling period and lack of imposed
interannual variability.
While the northern Agulhas is reasonably coherent, large solitary meanders sporadically
occur. These features, known as Natal Pulses (Lutjeharms and Roberts, 1988) may form a link
between the variability of the MZC and the timing of Agulhas Ring occlusion events (Schouten
et al., 2002a). Fig. 3.12 shows an example of one such feature generated in ARC112i. The large
3.3. Comparison with observations 80
Table 3.1: Annual mean and transports (in Sv) for the interannual (suffix i; 1948-2007), and climato-
logical (suffix r; year 41-60) reference simulations. Annual standard deviations are given for the models.
To match observations, the mean Agulhas Current (ACB) transport is calculated for the 1995-2004
period, with a 5-daily standard deviations. Transports are measured in the East Madagascar Current
(SEMCD), the Mozambique Channel (MZCR) and Agulhas Return Current (RTNL). ACB , SEMCD
and MZCR transports are calculated across transects extracted from the references provided (Fig. 3.10).
For AGIOi, ARC112r and ARC112r southwestward transport for ACB is calculated through a stair-case
section from original model velocities extracted using PAGO (http://www.whoi.edu/science/PO/pago).
Agulhas leakage is quantified using Lagrangian (ALL) and Eulerian (ALE) approaches.
Configuration MZCR SEMCD ACB ALL ALE RTNL
AGIOi 26.9±3.3 29.2±5.2 76.9±19.9 32.7±3.5 27.6±2.8 30.5±4.8
ARC112i 25.3±3.3 28.5±4.1 76.1±20.4 18.9±3.2 18.8±2.7 31.1±4.6
OBSERVED 16.71 20.02 69.7±21.54 15.06 – 44.07
30.03 78.6±19.75
1Ridderinkhof and de Ruijter (2003) & van der Werf et al. (2010), 2Donohue and Toole (2003),
3Nauw et al. (2008),4Bryden et al. (2005), 5Biastoch et al. (2009a), 6Richardson (2007), 7Boebel
et al. (2003b)
meander, which clearly visible at 35oS, is accompanied by a anti-cyclonic offshore eddy, and an
inshore cooling at the surface.
3.3.6 Agulhas leakage; magnitude and mechanisms
Increasing spatial resolution has a clear effect on Agulhas leakage magnitude. At lower resolu-
tion, ALL = 32.7 Sv for AGIOi. In comparison, ALL for ARC112i is 18.9 Sv; closer to the 15
Sv derived from observed drifter paths (Richardson, 2007). AGIOi deviates from observations
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Figure 3.11: 5-daily snapshots of surface speed and SSH anomaly for January 2001, extracted from
ARC112i. SSH anomaly, taken against the 1997-2006, is contoured at 5 cm intervals, with negative values
in grey and the zero line delineated with the thick black line. Large anticyclonic eddies are clearly visible
in the Mozambique Channel (left panel), and no western boundary current is in evidence. Large cyclonic
and anti-cyclonic features at 40oE are indicative of a dipole formation in the extension of the EMC (right
panel).
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Figure 3.12: A snapshot of SST (shading) and surface speeds greater than 30 cms-1 (vectors) showing
a Natal Pulse at v36oS in ARC112i on April 21st, 2001.
in the Agulhas Return Current, which is weaker and less coherent than observed (Boebel et al.,
2003b), a consequence of its high leakage.
Leakage occurs through Agulhas Rings, which may take multiple paths through the Cape Basin
(Dencausse et al., 2010a). Fig. 3.13 shows examples of these rings being produced in ARC112.
Although ring occlusion is the dominant leakage mechanisms, inter-basin flux may occur through
cyclonic eddies, filaments (Lutjeharms and Cooper, 1996) and, possibly, via the Goodhope Jet.
Examples of the latter two features are shown in Fig. 3.14 and Fig. 3.15, respectively. The
filament is clearly visible as a tendril of warm SST signal extending northwest from the retro-
flection into the substantially cooler south Atlantic, while the Goodhope Jet occurs as a coastal
warming signal adjacent to the Agulhas Bank. The relative contributions of these mechanisms
to the magnitude of the AL will be discussed in chapter 3.
3.3.7 Improvements in ARC112: Mesoscale variability
The Agulhas source and retroflection regions are characterised by high levels of mesoscale vari-
ability. The EKE patterns in (Fig. 3.16) suggest that both AGIOi and ARC112i capture this
variability. High EKE values in the MZC reflect the appropriate formation of anti-cyclonic ed-
dies, a consequence of the presence of Madagascar (Penven et al., 2006c; Ridderinkhof and de
Ruijter, 2003). EKE values south of Madagascar are slightly lower than observed for AGIOi and
ARC112i, suggesting that dipole formation in the EMC (de Ruijter et al., 2004; Siedler et al.,
2009) is perhaps under-represented.
At increased resolution ARC112i shows a spatial EKE distribution closer to that observed.
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Figure 3.13: Snapshots of ARC112i SST (shading) and surface speeds greater than 30 cms-1 (vectors)
show rings taking a) northern, b) central and c) southern ring paths, as described by (Dencausse et al.,
2010a).
The return current EKE in ARC112i (Fig. 3.16 b)also shows an improvement over that of
AGIOi. Inappropriate numerical choices may produce a modelled Agulhas Current that forms
an unrealistic eddy-train or spurious upstream recirculation, expressed as high EKE along the
South African coast and upstream of the retroflection, respectively. The EKE patterns of the
eddying models used here are consistent with observations, suggesting a coherent WBC. Further,
there is no indication of a consistently early retroflection. In the Atlantic, the EKE patterns
are well spread, suggesting that there is no overtly preferential ring path. In general, due to
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Figure 3.14: A snapshot of SST (shading) and surface speeds greater than 30 cms-1 (vectors) showing
a filament in ARC112i on May 11th, 2004.
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Figure 3.15: A snapshot of SST (shading) and surface speeds greater than 30 cms-1 (vectors) showing
signs of a strong Goodhope Jet along the southwest coast in ARC112i on June 26th, 2001. This feature
is also evident in figures Fig. 3.12 to 3.14, but at reduced intensity.
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Figure 3.16: Eddy kinetic energy (EKE) for the 1992-2007 period derived from; a) AGIOi, b) ARC112i
and c) AVISO. EKE is calculated from geostrophic velocities derived from the sea-surface height (SSH).
Contours show 25 cm delineations of mean SSH for this period.
the objective mapping of the along-track data, the observed background signal is stronger and
appears more smoothed than in the simulations.
In a recent paper, Backeberg et al. (2012) suggest that intensified winds have driven an
increase in the mesoscale variability of the Indian Ocean. Fig. 3.17 compares the simulated
EKE and MKE trends from 1992 to 2007 with those derived from altimetry. Both simulations
and observations show an increase in MKE and EKE in the MZC and EMC. ARC112i shows
a distinct increases in the MKE to the north of Madagascar and off of the south east coast,
3.3. Comparison with observations 85
   0
o
    25
o

























   0
o
    25
o






















   0
o
    25
o






















   0
o
    25
o












































































Figure 3.17: Mean kinetic (MKE) and eddy kinetic (EKE) energy tendency for the 1992-2007 period
for (a), (b) AVISO and (c), (d) ARC112i. The annotated numbers show the spatially averaged change
in EKE/MKE for the boxes shown in (a) in cm2s-2.decade-1. The AVISO trends are identical to those
shown by Backeberg et al. (2012).
consistent with observations. Increases in EKE in these areas are also seen in the altimetry
record.
The retroflection signals in AGIOi (not shown) are not consistent with observations. How-
ever, both ARC112i and altimetry show a distinct negative tendency in the MKE in the Agulhas
Current core, and an increasing MKE in the retroflection region. In addition, ARC112i expressed
an increase in retroflection EKE, and a spatial pattern that has some notable similarities with
that observed. Features seen in the observations such as; 1) the increases of EKE on the west
coast of South Africa, 2) the decreases of EKE downstream of the retroflection, 3) increases in
EKE to the south of the retroflection loop, are all echoed in the ARC112i pattern.
3.3.8 Improvements in ARC112: Retroflection position
The Ekman numbers for AGIOi and ARC112i, 1.6 x 10-8 and 7.7 x 10-9 respectively, suggest that
both have inertially governed retroflections (Dijkstra and de Ruijter, 2001). However, bathy-
metric smoothing in AGIO reduces the protrusion of the Agulhas Bank, allowing the current to
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overshoot the shelf in a near zonal direction (Fig. 3.18). Similar behavior is seen in experiments
where the Agulhas Bank is excised (Speich et al., 2006). In contrast, the improved topography
in ARC112i allows the ’jut’ of the Agulhas Bank to be retained, causing the southwestward
deviation in the jet prior to the retroflection. As a result, while both models display a more
westward retroflection than that observed, the retroflection in AGIOi is more prograded, and
occasionally crosses the GH line, where the leakage is computed. The consequences of this are
fully discussed in chapter 4.
Downstream of the retroflection, improvements in the rendering of the Agulhas Plateau
in ARC112 give rise to an Agulhas Return Current that is more phase-locked to bathymetry.
This current path, in which the first meander rounds the Agulhas Plateau to the north, more
closely mirrors observations (Boebel et al., 2003b) and may have consequences for Agulhas
Ring generation. Pichevin et al. (2009) show that rings are generated through the westward






   0
o
     8
o
E   16
o






















   0
o
     8
o
E   16
o






















Figure 3.18: Spatial extent of the retroflection position derived from the 5-daily SSH for the 1992-2007
period (shown in shading). Grey contours represent bathymetry at 500 m depth intervals, with the thick
grey line following the 500 m isobath. The thick black contour shows the model retroflection path for (a)
AGIOi and (b) ARC112i as derived from the mean SSH for the period. The thin line shows the mean
retroflection path similarly derived for AVISO. The dashed transect shows the GoodHope line (GH line).
3.3. Comparison with observations 87
ARC112 may result in a reduced ring production rate, and therefore contribute to the reduction
in leakage seen at higher resolution.
3.3.9 Improvements in ARC112: The Agulhas Undercurrent
Comparison of velocity sections across the Agulhas Current at 32oS shows that a strong Agul-
has Undercurrent is present in the ARC112r simulation (Fig. 3.19). This undercurrent, not
seen in AGIOr, mirrors the observations of Beal and Bryden (1997) and echoes the findings of
previous high resolution models (Biastoch et al., 2009a). The LADCP observations suggest that
the undercurrent extends from 3200 m to 1200 m depth and extends 30 km offshore, with a
speed of v0.2 ms-1 (Beal and Bryden, 1997). These spatial and velocity scales of the simulated
undercurrent in ARC112r are similar to those observed.




































































Figure 3.19: Meridional velocities across a zonal section through the Agulhas Current at 32oS for a)
ARC112r and b) AGIOr. Positive flow is defined as northward.
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3.4 Model suitability
3.4.1 Deviations in tracer properties
As mentioned previously, the sea-surface state in AGIOr and ARC112r is not explicitly pre-
scribed. Rather it is determined through the bulk formulation of the atmospheric variables
(Fairall et al., 1996). As a result, although damped to the air temperature value, SST has a
limited degree of freedom. Typically, as uncoupled GCMs are unable to transmit precipitation
in the atmosphere, they have in fresh water imbalance between the tropics and high-latitudes.
Often a salinity restoring term is applied to correct for this, and ORCA05 is no exception (Dur-
gadoo et al., 2013). However, the regional configurations presented here do not use any salinity
restoring within the domain, and therefore salinity is the less well constrained.
Despite this comparative freedom, AGIOr and ARC112r show some success in re-producing
a temperature field that is consistent with observations, both at the surface, and in the ther-
mocline. Where larger anomalies do occur these tend to reflect the biases present in the large
scale solution, such as in the tropical Atlantic (certainly a known area of substantial bias in
coupled climate models e.g. Grodsky et al. (2012), Wahl et al. (2011)). However, in general,
the thermocline in AGIOr and ARC112r is deeper than observed, especially in the sub-tropical
Atlantic. Given that ARC112r records a leakage value close to that observed, it seems very
unlikely that this deepening signal is a result of an over-expression of inter-basin flux, especially
as the Agulhas thermocline in ARC112r is substantially shallower. Rather, it seems that this
upper-ocean warming arises due to domain size or as a consequence of the model numerics.
The Indian Ocean remains the best preserved basin, with a realistic thermocline and strong
halocline in both ARC112r and AGIOr, although the surface salinity value deviates from obser-
vations, potentially due to the loss of IEW. Interannual variability of the temperature signal in
the upper ocean, validated through comparison with dipole indices and TCHP (figures 3.8 and
3.7 shows that the surface signal is appropriately conveyed into the upper ocean. As TCHP is
determined by heat content above 26oC, this in turn suggests that, on an interannual basis, the
depth of the 26oS is again appropriately simulated.
The salinity field is reproduced with less fidelity. Surface anomalies, especially in the tropical
Atlantic, are substantial and the halocline is weaker and deeper than observed in both Atlantic
and Indian Ocean sections. High values in the surface tropical Atlantic are to an extent attrib-
utable to the lack of river run-off, and may be partially determined by the external solution.
However, there is a clear deterioration beyond what would be expected from these factors alone.
Substantial efforts have been made to improve the retention of water mass properties in
ROMS through the reduction of spurious diapycnal mixing (Marchesiello et al., 2009), leading
to the improvements shown in figure 2.9. However, rotation of the diffusion operator still leaves
residual errors, which, although small, may contribute to the loss of water mass properties in
large domains such as this. ROMS v.3 introduces an isoneutral scheme to further minimise these
errors, but this new approach has not been implemented here.
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Despite a weakening of the halocline, the major water masses of the Indian and Atlantic
Ocean are clearly represented. The similarities between the observed and simulated water masses
in figure 3.6 provide strong evidence that the constituent ingredients of each basin are well
preserved. However, discrepancies in the depth distributions of these water masses in the top
500 m may effect basin-scale stratification, with consequences for the large-scale thermohaline
properties of the basin.
Of the sections tested, the largest thermocline and halocline discrepancies appear in the
Agulhas region. However, it is likely that WOA05 is least accurate here due to an under-
sampling of the western boundary signal at low spatial resolution. This raises questions as to
the behaviour of the retroflection in the face of changes to the regional baroclinity. However,
this appears to be a question that appears to remain largely unaddressed. This aside, as the
buoyancy flux between the Indian and Atlantic oceans has been put forward as a major non-
linear driver of AMOC strength (Weijer et al., 2002), deviations in the vertical structure of the
Agulhas Current may have an impact on convection in the North Atlantic.
3.4.2 Agulhas circulation and dynamics
The greater Agulhas system is highly complex; featuring a strong western boundary current and
areas of pronounced mesoscale activity in the upstream source regions and south of Africa. Under
the influence of the large-scale wind field, the non-linear combination of these factors results in
the division of Agulhas at the retroflection. The magnitude of the AL, the thermohaline link
between the Indian and Atlantic Oceans and the climatically relevant component of the system,
is sensitive to events that occur on a multitude of spatial and temporal scales. Therefore, any
model that hopes to simulate the variability in this system, must capture not only the large-scale
transports, but mesoscale processes as well.
The Agulhas Current receives its volume flux from three sources; the MZC, SEMC and
via recirculation in the SWIO sub-gyre. Simulated Agulhas transport at 32oS agrees well with
observations, however transport through the MZC and SEMC are higher than expected. This
suggests that the sub-gyre contribution is low, which may in part be due to a weakened return
current, a consequence of a high leakage value. Additionally, the SST field suggests that there
may be excessively high mixing across the STF. Dencausse et al. (2011) point out that the STF
is not continuous south of Africa, and should not be though of as an impenetrable barrier to eddy
flux. Further, Le Bars et al. (2012) describe a third retroflection regime, under which turbulent
flux across the STF places an asymptotic limit on leakage. Although it is unlikely that this limit
has been reached (see chapters 5 & 6), it does point to circumstances where western boundary
flux may be lost to the south. The propensity of ROMS to produce an eddy-rich field may
potentially weaken the STF and allow this flux to be higher at lower wind-stress curl values.
The presence of Madagascar induces substantial mesoscale variability in the upstream source
regions (Penven et al., 2006c), which may, in the case of MZC eddies, contribute to the timing
of Agulhas Ring occlusion (Schouten et al., 2002a; Biastoch et al., 2008c). Although Biastoch
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et al. (2008c) show that upstream eddies do not influence the leakage in the mean, the close
match between the simulated EKE patterns for the source regions and those observed (figure
3.16), suggests that AGIO and ARC112 may preserve some of this mesoscale connection. Natal
Pulses, one mechanism by which this upstream connection may form, are represented in both
AGIO and ARC112.
Reanalysis data suggest a consistent increase in trade winds during this period, which has
resulted in an increasing trend in mesoscale variability in the source regions and retroflection
(Backeberg et al., 2012). The regional simulations mimic these trends in the source regions, but
only ARC112i approximates the observed signal in the retroflection. This suggests a distinct
difference between the behaviour of the two simulations, and underlines the improvements made
by introducing higher resolution and improving topography.
In both regional configurations, the retroflection loop extents further westward than ob-
served. These overly prograded (more extended) loops are coincident with leakages that are
larger than the 15 Sv measured by Richardson (2007). Previous work relating the retroflection
loop position to leakage magnitude (van Sebille et al., 2009a) suggests that the two are signi-
ficantly, though weakly, correlated. However, van Sebille et al. (2009a) focus more on the event
scale of ring occlusion, and not on the mean position of the retroflection. Further, Dencausse
et al. (2010b) and Backeberg et al. (2012) used altimetry to show that the observed retroflec-
tion position has remained remarkably stable in the satellite era, while model hindcasts (e.g.
Biastoch et al. (2009b); Rouault et al. (2009)) agree with near unanimity that leakage has in-
creased substantially over this period. This suggests that there may not be such a clear link
between the mean position of the retroflection and the mean leakage value.
Leakage occurs primarily through westward drifting Agulhas Rings. The smoothed topo-
graphy in AGIO reduces the shelf angle, minimises the protrusion of the Agulhas Bank, and
substantially reduces bathymetric steering around the Agulhas Plateau. All of these factors
have been previously related to AL magnitude. Increased topographic smoothing and excising
the Agulhas Bank was shown to increase leakage substantially by Speich et al. (2006), while
removing the plateau allows the return current meanders to propagate westward freely, indu-
cing ring occlusion (Speich et al., 2006; Pichevin et al., 2009). It therefore seems likely that in
AGIO, the overly westward retroflection position, and increased leakage are both functions of
the smoothed topography. However, while this topographical sensitivity may set the mean state,
it does not undermine the ability of the retroflection to behave as an inertial jet; a critical feature
for any realistic Agulhas Current (Dijkstra and de Ruijter, 2001). The concerns surrounding
topographical interaction are largely addressed in ARC112. Here the shelf is steeper, the bank
protrudes accurately an the return current is strongly steered to the north of the plateau in the
first meander. Consequently, the AL is much nearer the observed value. Leakage by mechanisms
other than rings are also in evidence (figure 3.15 and 3.14).
Early retroflections are a common problem in Agulhas modelling. In configurations that
exhibit this behaviour, ring occlusion is often impossible as the angle of the coast prevents them
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from escaping the main current (Zharkov and Nof, 2008a; Zharkov et al., 2010). Whilst upstream
retroflection events do occur in both AGIO and ARC112, they do not result in a permanent
phase-locking behind the Agulhas plateau, and are sporadic (a situation which has a precedent
in observations (van Aken et al., 2013; Dencausse et al., 2010b)). This situation is reflected
in the EKE patterns for AGIOi and ARC112i, which exhibit low EKE patterns upstream and
approximate observations well (figures 3.16 and 3.17).
Numerous configurations report cases in which, post occlusion, rings follow an overtly pref-
erential path across the south Atlantic. This pattern is symptomatic of an overly regular ring
generation mechanism (possibly related to an over-dependence on Natal Pulse generation (van
Leeuwen et al., 2000)) and is typically expressed as a narrow ’channel’ of high EKE across the
Cape Basin and wider region. In contrast, the EKE pattern in AGIOi and ARC112i matches
altimetry closely, suggesting that the generated rings are well spread and able to follow multiple
paths (figure 3.13), as observed by Dencausse et al. (2010a).
3.5 Conclusions
The behaviour of AGIO and ARC112 has been assessed through comparison with observations
derived from altimetry, in situ measurements and transports derived from literature. Although
the major water masses are in evidence, there are discrepancies in their distributions. Typically
these deviations occur in highly variable regions (such as along the STF) and may also be
partially attributable to the choice of boundary conditions. The interannual evolution of the
thermal properties is well captured, both at the surface, and in the Indian Ocean thermocline.
However, the deviations from WOA05 tracer fields suggest limitations in the ability of the
regional configurations to conserve the basin-scale properties and water mass distributions on
longer time-scales.
Dynamically, both AGIO and ARC112 show appropriate basin-scale circulation patterns, and
although source region transports are high, western boundary fluxes are realistic. Although both
AGIO and ARC112 feature inertially driven retroflections, the inclusion of the high-resolution
nest in the latter greatly improves the interaction with topography. The resulting improvement
in retroflection position, when compared to observations, is coincident with a leakage closer to
that observed. However, neither configuration features an early retroflection position, and ring
formation occurs in all simulations. Both configurations show a level of mesoscale variability
consistent with altimetry products for the 1992-2007 period, and, in the case of ARC112i, trends
in EKE match observations well.
In summary, despite some deviations in the distribution of tracer properties, AGIO and
ARC112 appropriately capture the variability of the Indian Ocean and greater Agulhas, with
dynamical responses that are accurate enough to allow the investigation the regional response





The Agulhas retroflection is one of the most turbulent areas in the global ocean (Schmitz and
Luyten, 1991). The combined effects of a Agulhas Current transport, the inherently unstable
nature of inertially governed retroflections (Dijkstra and de Ruijter, 2001) and the ejection of
Agulhas Rings (Pichevin et al., 2009) contribute to a region with an eddy kinetic energy among
the strongest observed. The formation of cyclones in the lee of the Agulhas Bank (Penven et al.,
2001), splitting and modification of Agulhas Rings (Baker-Yeboah et al., 2010; Dencausse et al.,
2010a), and effect of topography (Dencausse et al., 2010b,a; Speich et al., 2006) exacerbate the
already complex flow pattern in the Cape Basin.
Consequently, accurate quantification of the inter-ocean exchange of Indian Ocean waters
through the Agulhas leakage is a substantial challenge and observations of total Agulhas leakage
are sparse, and highly variable. Estimates from geostrophy place the leakage between 4 Sv
(Garzoli et al., 1996) and 15 Sv (Gordon et al., 1992). More recently, Richardson (2007) tracked
subsurface drifters to reach an estimate of 15 Sv. The effect of this flux on the hydrography of
the Cape Basin is substantial, with up to 50% of the water there of Indian Ocean origin (Garzoli
and Goni, 2000). These waters have been observed to spread through four contributory leakage
mechanisms; specifically through:
• Advection inside Agulhas rings and smaller cyclonic and anticyclonic vortices that may
arise through ring splitting (Schouten and de Ruijter, 2000; Boebel et al., 2003a)
• Via filaments (Lutjeharms and Cooper, 1996)
• Through the direct leakage of predominantly intermediate waters (de Ruijter et al., 1999a)
• As a coastal jet at the shelf edge (Bang and Andrews, 1974)
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In general the majority of inter-ocean flux is thought to occur via Agulhas rings, occluded
from the retroflection at a rate of 5 ± 1 year-1 (Schouten et al., 2002a). Contributions from
cyclonic eddies (Hall and Lutjeharms, 2011), filaments (Lutjeharms and Cooper, 1996; Whittle
et al., 2008) and through direct flow are suggested as being of secondary importance. However,
this picture often requires a substantial degree of inference with regard to the shape, profile,
constituent waters and evolution of a ’typical’ Agulhas Ring (Richardson, 2007; Boebel et al.,
2003a). Estimates of total flux per ring vary substantially, from 0.65 Sv.ring-1 (Duncombe Rae
et al., 1996) to 3 Sv.ring-1 (Gordon and Haxby, 1990), producing total ring flux estimates of
between 3 Sv and 9 Sv, depending on ring formation rate (Richardson, 2007). van Ballegooyen
et al. (1994) and measure total Agulhas Ring flux as 7 Sv for temperatures, T, greater than 8oC.
Goni et al. (1997) report a similar value for T>10oC. However, a recent census of ring paths,
derived from altimetry, shows that they may take one of three paths across the Cape Basin
(Dencausse et al., 2010a); a northern path between the coast and Erica Seamount, a central
path between the seamount and Agulhas Ridge, and a southern path south of, and subsequently
across, the ridge. In the southern path, the ring may drift near, or even past, the STF, leading
to substantial modification of the water mass properties of the eddy. Garzoli (1999) noted such
a modification in a hydrographic study of three rings during the Benguela Current Experiment
cruise.
Quantifying leakage can also present a challenge to numerical modellers. Many recent at-
tempts focus on a Lagrangian approach, seeding floats in the Agulhas Current and collecting
across a nominal Cape Basin section (Speich et al., 2001; Doglioli et al., 2006; Biastoch et al.,
2008c, 2009b; van Sebille et al., 2009b). By design, this defines leakage as the proportion of
Agulhas Current waters exported into the Atlantic. This approach, while flexible, typically ex-
cludes diffusive processes, and offline calculations possibly sacrifice precision in turbulent regions.
Eulerian approaches also face limitations. Typically, appropriate fluxes can only be sampled by
imposing water mass criteria or by adjusting the extent of the sampling transect. This is a
substantial problem in eddy rich regions. Comparing the two methods, van Sebille et al. (2010c)
found that Eulerian estimates of flux across the GoodHope line (GH-line) (Swart et al., 2008)
may underestimate leakage by a factor of two.
Doglioli et al. (2006) determined the vorticity of leakage in a regional model by classifying
Lagrangian float trajectories as ‘loopers’, particles that appear to circulate within eddies, and
‘non-loopers’, those that drift westward on a less perturbed path. They determined that only
30% of the total Agulhas leakage was trapped within eddies, with a 1.3:1 anticyclone to cyclone
ratio, and the remainder as ‘non-looping’ flux. Substantial flux between Agulhas Rings was
previously noted by Gordon et al. (1987), who measured a transient 10 Sv jet between two
warm core eddies. While various subsequent studies have suggested that this 10 Sv inter-ring
flux estimate is exceptionally high (Lutjeharms, 2006b).
While the simulations presented in Doglioli et al. (2006) were forced with climatological fields,
recent hindcasts show a consensus increase in the magnitude of the Agulhas leakage (Rouault
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et al., 2009; Biastoch et al., 2009b). However, these studies do not attempt to deconstruct
this signal into fluxes attributable to individual mechanisms or changes in ring trajectories.
The subsequent response of the Atlantic Meridional Overturning Circulation to South Atlantic
buoyancy sources may in part depend on the nature of the leakage (Weijer et al., 2002), and
the time evolution of water mass properties within coherent ring structures (de Ruijter et al.,
1999a). As such determination of the relative contributions of the mechanisms described above
may be of larger interest.
Here, long term trends in the Agulhas leakage will be compared using Lagrangian and
Eulerian methods. In the latter case, a passive tracer is introduced allowing Indian Ocean
waters to be explicitly labelled, reducing ambiguity. Using these approaches, the leakage is
subsequently decomposed into eddying, non-eddy and coastal fluxes. Latterly, an eddy-tracking
scheme is implemented, allowing simulated mesoscale variability and ring tracks to be compared
with observations from altimetry.
4.2 Leakage quantification
4.2.1 The Lagrangian approach
Lagrangian fluxes are obtained using the ARIANE1 package (Blanke and Raynaud, 1997). Lag-
rangian experiments are performed via the release floats across an initial Agulhas Current section
at 32oS (Fig. 4.1, ACL) and subsequently computing their positions by integrating the velocity
fields forward in time. The incoming velocity field determines the initial position of each float,
with no limitation placed on the depth of release. The ACL transect stretches from the coast
to the longitude of first recirculation of the western boundary current. The floats are collec-
ted across the remaining sections shown in Fig. 4.1a, with leakage (ALL) measured across the
approximate northern sections of the GH-line. The L and E subscripts will be used to denote
respective Lagrangian and Eulerian passive tracer fluxes, throughout.
The position of the STF in the South East Atlantic and South West Indian Ocean is contro-
versial. Using differing methodologies based on hydrography and/or SSH gradients Orsi et al.
(1995), Belkin and Gordon (1996), Sokolov and Rintoul (2009) and, more recently, Graham
and de Boer (2013) determined substantially different latitudes for the frontal systems south of
Africa. The STFL line, used here to nominally indicate the subtropical front, forms the southern
boundary of the Lagrangian control volume at 44oS. This latitude is consistent with the most
poleward extent of the STF derived from the model using the Orsi et al. (1995) method, where
the STF is defined through the 12oC isotherm at 100 m depth. Setting the STFL line at the most
poleward extent of the STF minimises the likelihood of ARC floats being incorrectly sampled
as the STF flux. At 44oS the STFL remains outside of the ARC112 sponge layer.
1(ARIANE v.2-2-6; http://www.univ-brest.fr/lpo/ariane/)
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Figure 4.1: Panel (a) shows a schematic representation of the trajectories of particles released across the
Agulhas Current. Lagrangian flux estimates for the Agulhas Current, leakage, return current and Sub-
tropical Front are measured across the ACL, ALL, RCL and STFL transects. The ACL transect follows
the path of the GoodHope line (GH-line, Swart et al. (2008)). Panel (b) shows the float capture times
for 5-year Lagrangian virtual float integrations in dashed lines for AGIOr and solid lines for ARC112r.
ARIANE can be run in two modes: quantitative, where volumes fluxes can be determ-
ined, and qualitative where float trajectories can be monitored. Both modes are used here. In
quantitative mode ARIANE automatically determines the number of floats released according
to the incoming current transport. Floats, each representing 0.1 Sv of the Agulhas Current, are
dropped at 5-daily intervals across a single model year and integrated for a further four years,
producing annual transport estimates for each section. A value of 0.1 Sv is appropriate for quan-
tifying a large-scale western boundary current, such as the Agulhas, where transports exceed
65 Sv in the mean. While this limits precision to 0.1 Sv when determining volume transport,
it equates to an error of less that 1% in with regard to the Agulhas leakage, which has a mean
transport of 19 Sv. At each time step of the Lagrangian integration period, ∼350,000 floats are
considered in ARC112, and ∼200,000 floats are considered in AGIO. The ARC112 and AGIO
grids contains ∼62,000 and ∼7750 horizontal grid points in the integration region, respectively.
Consequently, the float density is substantially greater than one per grid point and so provides
a good representation of the flow at first order.
Float positions evolve in the linearly interpolated velocity fields until they are ’captured’ at
a receiving transect, at which point they are removed. The release and receiving transects form
a closed box surrounding the control volume defined as the area bounded by the transects in
4.2. Leakage quantification 96





Figure 4.2: Evolution of the passive tracer during the initial spin-up period
Fig. 4.1a. Fig. 4.1b shows the cumulative capture times of floats at the receiving transects, and
shows that, after a five-year integration period, only 0.3% of floats remain within the control
volume. Due to changes in the elementary transport field, floats do not represent 0.1 Sv at their
collection point. As such, float number is not proportional to transport, and despite similar
float numbers received at the GH-line in ARC112r and AGIOr, the leakage differs substantially.
4.2.2 The Eulerian approach: passive tracer flux
Previous Eulerian estimates of Agulhas leakage relied on the imposition of either water mass cri-
teria, or on determining the optimum geographical extent of the sampling transect. Comparing
Eulerian and Lagrangian methods in a hindcast simulation van Sebille et al. (2010c) determined
that the former would underestimate the leakage by up to a factor of two using these criteria
due to a lack of specificity in selecting water masses. To overcome these limitations, Eulerian
transports are derived from a passive tracer, introduced to explicitly label Indian Ocean waters,
based on on the approach adopted by Le Bars et al. (2012) and Penven et al. (2011). The
tracer, implemented at the start of the model spin-up period, is nudged to one to the east of
70oE, indicating 100% Indian Ocean waters, and to zero west of 20oW, representing Atlantic
waters. Between these boundaries it is free to evolve through advection and diffusion. The tracer
reaches statistical equilibrium during the spin-up period (Fig. 4.2) and fluxes are subsequently
calculated from the 5-daily tracer and velocity fields. Agulhas Current and Agulhas leakage
transport are calculated across the ACE and Cape Basin (ALE) sections, shown in Fig. 4.3.
The ALL section was chosen to match the northern branches of the GH-line. However, to avoid
complications associated with rotating velocity components to calculate flux the western ALE
section is orientated meridionally.
Ring structures, expressed as regions of high tracer concentration, are clearly visible in Fig.
4.3. However, there is substantial spreading of the tracer outside of the confines of the rings.
The Cape Basin and Southeast Atlantic is comprised of approximately 50% Indian Ocean water
at 100 m, consistent with the observation based estimates of Garzoli and Goni (2000). The
exchange of ring waters with the surrounding environment has been extensively modelled by
de Steur (2004). They show that deformation of the ring shape gives rise to the formation of
filaments at the ring edge, mixing up to 40% of the rings waters into the Cape Basin in the
first few months of life. While de Steur (2004) considered this problem in an idealised setting
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Figure 4.3: 5-daily snapshot of the passive tracer concentration (Tp) in ARC112r at 100 m. The
tracer field is free to evolve between the 20oW and 70 oE, where it is nudged to 0 and 1 respectively.
Eulerian estimates for the Agulhas Current and leakage are calculated across the respective ACE and
ALE sections.
containing only one ring, the passive tracer imposed here implies that the same mechanism may
be responsible for the extensive spread of Indian Ocean water masses observed by Garzoli and
Goni (2000), but raises questions with regard to the attribution of flux at the GH-line as being
predominantly encapsulated by rings.
4.2.3 Comparing approaches: inter-basin flux estimates
Lagrangian transport functions can be derived from the individual float profiles. These are
shown for the ARC112i and AGIOi reference experiments in Fig. 4.4. Both simulations feature
strong retroflections, with a pronounced first meander around the Agulhas Plateau at 25oE.
However, downstream these meanders are more suppressed in AGIOi than in its high resolution
counterpart. Consistent with the barotropic transport functions derived previously (Fig. 3.10),
at v19 Sv, ARC112 shows a marked decrease in Agulhas leakage magnitude across the GH-
line sections (Fig. 4.1) when compared to the AGIOi estimate of v33 Sv. In both cases,
leakage predominantly crosses the northern GH-line section, indicative a strong flow through
the northern ring path, identified by Dencausse et al. (2010a).
Strong inter-basin flux through the northern transect is reflected in the ARC112i vertical
transport distribution across the GH-line section (Fig. 4.5a). The vertical transport profile,
determined from the transport weighted crossing positions of the virtual floats, suggests that
the leakage is predominantly confined to the top 1000 m in this model. Here, floats are removed
once they cross the GH-line, so only a single crossing is permitted for each. However, van Sebille
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Figure 4.4: Average transport functions derived from virtual floats collected between 1948 and 2007 for
(a) ARC112i and (b) AGIOi.
et al. (2010c) noted a similar surface distribution in the AG01 model, where multiple crossings
were accounted for. In addition, an earlier Lagrangian based model study by Donners and
Drijfhout (2004) also found a leakage confined to the top 1200 m. This implies that, despite
floats being released over the full depth of the Agulhas Current, only the surface upstream waters
are carried into the Atlantic.
Agulhas Rings have a strong barotropic component, but idealised modelling of them shows
that they weaken in tangential ’swirl’ velocity with depth (de Steur, 2004). In consequence,
their circumferences contract and their ability to advert water westward is reduced. van Aken
et al. (2003) also observed a substantial decrease in the relative vorticity of rings at depth. This
inability to advect deeper waters may explain why the Lagrangian leakage seen here is confined
to the surface layers.
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Figure 4.5: Vertical profile of the (a) mean, (b) annual standard deviation and (c) trend in Agulhas
leakage for the ARC112i 1948-2007 period. Fluxes are derived from the transport weighted float crossings,
binned into 0.25o horizontal by 20 m depth sections. The left and right panels correspond to the meridional
and zonal sections of the GH-line transect (Fig. 4.1).
Two strong, distinct cores of transport flux are visible at 12.5oE and 17oE (Fig. 4.5a, right
panel). Two weaker cores can be seen 34oS and 36.25oS. In all four cases, these cores correspond
to the regions of maximum annual standard deviation, which are typically half of the mean value
(Fig. 4.5b). Agulhas Rings have a strong barotropic signal (Olson et al., 1992) and, as such, the
high interannual variability and increased depth penetration of these four regions may earmark
them as the possible preferential ring paths. There is no Lagrangian flux into the Atlantic Ocean
south of 37.5oS. This may be attributable to topographical shielding of the Agulhas Ridge, seen
sloping southwest to 42oS, 10oE in Fig. 4.4. The paths that Agulhas rings take across the Cape
Basin is discussed later in this chapter.
Multi-decadal trends in the vertical transport show a distinct strengthening of the flow
inshore of 12oE, and a reduction in northward flux west of this (Fig. 4.5c, right panel). All

















































































































Figure 4.6: As in Fig. 4.5 but for fluxes derived from Eulerian passive tracer flux. The left and right
panels correspond to the meridional and zonal ALE Cape Basin sections shown on Fig. 4.3.
four previously identified ring cores, including those in the meridional section (Fig. 4.5c, left
panel), are associated with increasing transport These changes reflect the 1992-2007 ARC112i
and AVISO EKE signals (Fig. 3.17), where coastal and inshore flow clearly becomes more
variable, while the northward channel at 10oE becomes less so. The increase in leakage transport
across the zonal section (Fig. 4.5c, right panel) may be attributable to the recently observed
intensification (Swart and Fyfe, 2012) and poleward migration (Thompson and Solomon, 2002)
of the westerly winds. This is discussed more fully in chapter 6.
Comparing the Lagrangian flux depth distributions with the analogous passive tracer fields,
shown in Fig. 4.6, yields some substantial differences. While the zonal track in Fig. 4.6 exactly
overlies the Lagrangian one, the meridional track does not (for the reasons explained above), so
care must be taken when comparing the left hand panels. Similar cores of high transport, and
high variability can be seen in the surface layers east of 12oE (Fig. 4.6a and b, right panel), but
the Eulerian signal extends to v2000 m, twice as far as the Lagrangian flux.
4.2. Leakage quantification 101


















































Figure 4.7: Time series of Agulhas Current transport at 32oS as calculated from the Eulerian (red line)
and Lagrangian (red markers) approaches, for (a) ARC112i and (b) AGIOi. The thick grey line shows
the annually smoothed Eulerian transport. The grey trails on the Lagrangian markers show the period
over which each individual float release is integrated. The tendency in the signal (red and black lines)
is shown over the 1982-2007 period, consistent with the period of observations shown by Rouault et al.
(2009).
The Eulerian approach considers flux in both directions. Consequently, negative flux values
are permitted, and annual variability is higher throughout. The negative flux underlying the
ring path at 16oE, and the strong positive signal in the intermediate waters at 12oE are of
particular interest. The former is possible evidence of passive tracer incorporation into the
Intermediate Waters and NADW path into the Agulhas Undercurrent. The latter is consistent
with an increased transport of Antarctic Intermediate water of Indian Ocean origin (I-AAIW)
into the South Atlantic around 1200 m depth. This water mass, previously seen in the Argo
float record is inferred to contribute 8.7 Sv to inter-basin flux (Rusciano et al., 2012). Rimaud
et al. (2012) have studied the transport path of the I-AAIW using a Lagrangian scheme and
high-resolution model configuration similar to the one presented here, identifying a transport
path similar consistent with the one shown here. However, Rusciano et al. (2012) show that the
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Figure 4.8: As in Fig. 4.7, but for analogous Agulhas leakage fluxes, shown in blue.
I-AAIW, at 1200 m should be the deepest water mass that is ejected from the Indian Ocean in
the Agulhas leakage. In the Eulerian case it is clear that the leakage extends below this depth,
suggesting that excess diffusion may be causing the passive tracer to be present at a greater
depth than expected.
Time series of Agulhas Current and Agulhas leakage transport are constructed from the
fluxes across the ACL/ACE and ALL/ALE transects, shown in Fig. 4.7 and Fig. 4.8, respect-
ively. Both ARC112i and AGIOi are presented. ARC112i shows a weaker current than its low
resolution counterpart, a result of increased non-linearity in the western boundary at finer grid
scales. Further, independent of the model used, there is an v5 Sv difference in the Eulerian and
Lagrangian recorded Agulhas Current transport.
The Agulhas Current is highly variable on short timescales. Consecutive 5-daily transports
vary as much as 65 Sv in ARC112i, with a standard deviation of 20.9 Sv. Interannual standard
deviations for Lagrangian and Eulerian methods are 5.6 Sv and 3.3 Sv, respectively. AGIOi
shows similar values. The interannual variability in both models is common to both ACL and
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ACE . Irrespective of measurement technique, both models show a multi-decadal weakening in
the Agulhas Current since the mid-1960s, consistent with the hindcast of Biastoch et al. (2009b),
which also applied the CORE v.2b forcing fields.
AGIOi and ARC112i show a reasonably consistent Agulhas Current transport, but this is not
the case for the Agulhas leakage. Two discrepancies predominate. Firstly, the mean values for
ALE for ARC112i (18.8±2.7) and AGIOi (27.6±2.8) differ substantially, though the interannual
variability is similar. Secondly, while Lagrangian and Eulerian estimates for Agulhas leakage
converge in ARC112i (ALE=18.8±2.7, ALL=18.9±3.2), they do not in AGIOi (ALE=27.6±2.8,
ALL=32.7±3.5). Differences in Eulerian leakage can be attributed to changes in the behaviour
of the Agulhas retroflection relating to model resolution. As noted in sections 2.5.1 and 2.5.2,
the retroflections in AGIOi or ARC112i are not governed by viscosity. However, in the former
configuration, the position of the retroflection is too far westward, a consequence of overly
smoothed topography (Speich et al., 2006). This results in an overly expressed leakage in
AGIOi as compared to ARC112i, which has more accurate topography.
In section 3.3.8 it was noted that the overly westward retroflection position in AGIOi causes
it to occasionally cross the GH-line. While it is possible to configure the Lagrangian exper-
iments to allow capturing transects to appear ÒtransparentÓ (i.e. they permit a degree of
local recirculation), this capability has not been implemented here. Consequently, due to the
way these experiments are configured, floats that would otherwise recirculated are unable to,
causing an over-expression of the leakage from a Lagrangian perspective. This is not a concern
in the Eulerian measurements, where flux can pass in both directions. This causes a diver-
gence between the two measurement techniques at lower resolution. With increasing resolution,
the retroflection position becomes more realistic and the two methods converge on a leakage
estimate.
Multi-decadal variability in the AGIOi and ARC112i simulated Agulhas leakage show that,
since the mid-1960s, the Agulhas leakage has increased, consistent with Biastoch et al. (2009b)
and, to some extent, Rouault et al. (2009). Despite inconsistencies in mean leakage value, AGIOi
and ARC112i show a similar tendency in Lagrangian and Eulerian leakage values, though the
former is slightly larger. Despite being similarly forced, comparing the interannual variability in
the two models yields little similarity. Changes in resolution clearly induces a substantial effect
in the degree of non-linearity at the western boundary and in the behaviour of the retroflec-
tion itself. In addition, the lower leakage (and stronger return current) in ARC112i produces
changes in the flow of the South West Indian Ocean gyre, altering the local flow pattern south
of Madagascar (Fig. 3.10).
Previous comparisons of Eulerian and Lagrangian leakage estimates find that the former
approach can substantially underestimate volume flux (van Sebille et al., 2010c). By introducing
a passive tracer, constraints on the Eulerian method associated with transects extent and water
mass properties are removed and the methodologies converge on a common flux value where the
retroflection is more realistic (i.e. in ARC112, Fig. 4.8a). van Sebille et al. (2010c) assumed the
















































































































































Figure 4.9: Agulhas leakage transports (ALcrit) at incremental salinity and temperature cut off values,
compared with passive tracer estimates (ALE). Panel (a) shows the correlation coefficient between ALcrit
and ALE for the 1948 to 2007 ARC112i experiment. The black contour bounds the p < 0.01 region,
and the maximum correlation is shown. Panel (b) shows the mean transport determined from the ALcrit
time series, with the value at the maximum correlation noted. Panel ((c) the ratio of the mean ALcrit
value to the mean ALE value, with the maximum ratio noted.
measured Lagrangian flux as the ‘true’ leakage estimate and correlated the interannual transport
with an Eulerian flux constrained by temperature and salinity cut-off values. Here, a similar
analysis is performed (Fig. 4.9), but the correlation is measured between the leakage at specific
cut-off values (ALcrit) and the passive tracer value (ALE). Maximum correlation (r = 0.8, p =
0.01) occurs at S>35.4, T>15. However, these criteria yield an ALcrit value of 10.55 Sv, which
only represents 56% of the total leakage as measured by the passive tracer and virtual floats.
Despite using the passive tracer value as the ‘true’ leakage measure, this result echoes that of
van Sebille et al. (2010c), further underlining the difficulty of determining leakage using water
mass criteria.
The mean water mass properties of the Eulerian flux across the Agulhas Current and leakage
transects are shown in Fig. 4.10a & b, respectively. The Agulhas Current is clearly dominated
by waters that arrive from the north and east, and therefore contain a significant percentage of
Indian Ocean waters and a higher passive tracer concentration. The exception to this occurs in
the dense CDW and NADW, visible in Fig. 4.10a as red points where T<2, S>34.75 (c.f. Fig.
3.6). Conversely, much of the sampled Agulhas leakage contains minimal Indian Ocean waters
(passive tracer, Tpas<2%). It is also apparent that the T/S cut-off values that give the best
correlation with the passive tracer flux (S>35.4, T>15) do not conform well to the distribution
of water masses shown in Fig. 4.10b and fail to sample a large part of the leakage signal.
4.3. Separating Eulerian flux components 105





























Tpas < 2% Tpas >= 2%





































Figure 4.10: Mean water mass properties along the a) ACE and b) ALE sections for the 1948-2007
period. Blue and red dots show points where the passive tracer concentration is more and less than 2%,
respectively. The grey region shows the water masses retained at the T/S ‘cut-off’ values (S>35.4, T>15)
that give the maximum correlation between ALE and ALcrit.
4.3 Separating Eulerian flux components
The Okubo-Weiss parameter (OW ) (Okubo, 1970; Weiss, 1991) compares the relative contribu-
tions of vorticity and strain to the deformation of the local flow field. It is calculated through
equation 4.1, where Sn and Ss are the normal and shear terms of the strain tensor and ξ is the
vertical component of relative vorticity (the curl of the horizontal flow).
OW = S2n + S2s − ξ2 (4.1)
The individual strain (non-eddy) and relative vorticity (eddy) terms can be calculated from the
















In the strictest sense, the flow is dominated by vorticity everywhere OW < 0. However, while
model the SSH signal is consistent with its geostrophic velocities, expanding this approach to
altimetry (as is done in the subsequent section) necessitates taking the second derivative of the
SSH field to determine the geostrophic velocity components. As a consequence of measurement
and interpolation in the SSH taken from altimetry, errors and discontinuities are emphasised
and it is necessary to introduce a degree of filtering (Chelton et al., 2011; Souza et al., 2011).
This filtering may introduce a bias, so it is typical to impose a more restrictive criteria, and
flow is determined to be vorticity dominated when OW < -2×10-12 s-2 (Chelton et al., 2007;
Isern-Fontanet et al., 2006). Although the model fields are not filtered, for consistency with
altimetry the same threshold is used to determine vorticity dominated flow here. Okubo-Weiss
can be calculated on all σ-levels. Consequently, it allows the separation of the flow field into
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Figure 4.11: A 5-daily snapshot of a) the Okubo-Weiss parameter b) the vertical component of relative
vorticity and c) the cyclonic/anticyclonic vorticity mask at 100 m in the ARC112i model during January
1999.
eddy and non-eddy dominated components. In the case of the Agulhas leakage, this allows the
flux associated with rings to be separated from the total.
To determine the eddy contributions to the passive tracer flux, the value of the Okubo-Weiss
parameter is calculated on all 32 depth levels from the 5-daily model velocity fields. The OW
values are then extracted along the ALE transect shown in (Fig. 4.11a) and the flow is separated
into eddy and non-eddy components. Cyclonicity is determined from the vertical component
of the relative vorticity, which is extracted in the same fashion (Fig. 4.11b). When combined,
these two criteria produce an eddy/cyclonicity mask (Fig. 4.11c) that can be used to determine
cyclone, anticyclone and non-eddying leakage contributions. To isolate any inter-basin flux that
may occur through coastal jets (Bang and Andrews, 1974), an additional mask is applied in
regions where topography is shallower than 1000 m. Consequently, the total passive tracer flux
across ALE can be separated into the following components:
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where, ALcoastE is the coastal flux inshore of the 1000 m isobath, AL
non−eddy
E is the non-eddy flux
determined where OW ≥ -2×10-12 s-2, and ALcycE /AL
acyc
E are the respective cyclonic/anticyclonic
fluxes, determined through the relative vorticity mask where OW < -2×10-12 s-2. Extracting
these components across the ALE transect in the ARC112i simulation yields the relative con-
tributions shown in Fig. 4.12.
Of the total mean flux of 18.9 Sv, only 5.4 Sv (v30%) is contained within eddy structures,
with a division between anticyclones and cyclones of 2:1. Coastal flux accounts for 2.2 Sv. The
largest contribution, 11.3 Sv, occurs through non-eddy processes; filaments, temporary jets and
intra-eddy flux. While it may also occur through some direct inter-basin flux of intermediate
waters, the vertical passive tracer profile (shown in Fig. 4.6), shows that leakage is confined to
the top 2000 m.
In an earlier Lagrangian analysis, Doglioli et al. (2006) found a similar division of eddy/non-
eddy flux, though they noted a 1.3:1 ratio of anticyclones to cyclones. However, the authors only
performed the analysis in a climatological simulation. Here, each of the components shows signi-
ficant multi-decadal variability. The flux attributable to anti-cyclones, including Agulhas Rings,
shows a period of marked reduction between 1965 and 1985, which is partially compensated for
eddy total eddy flux by an increase in cyclonic transport during this time. The coastal compon-
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Figure 4.12: Annually smoothed time series of Agulhas leakage components derived from ARC112i
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ent increases almost monotonically. Post-1980, all components show a multi-decadal increase,
with the greatest change expressed by the non-eddy flux. In the mid-1960s, both the non-eddy
and anti-cyclonic contributions show reductions in flux that account for a 3 Sv drop in total
transport. This reduction is associated with an extremely eastward retroflection position, last-
ing for two years. However, while the intra-ring flux component recovers quickly, anticyclonic
flux remains suppressed until 1980. Altimetric observations of the modern retroflection position
have shown that extreme upstream events can have a prolonged effect on the phasing of the
retroflection position, with potential consequences for ring generation (Dencausse et al., 2010b).
However, the case shown here is much more extreme. While these results are consistent with
previous studies (e.g. Doglioli et al. (2006)), it is necessary to test the fidelity of the simulated
eddy field against observations to see if they may be applicable to reality.
4.4 The Eddy-tracking algorithm
Flow west of the Agulhas retroflection occurs almost entirely in the mesoscale. Derived quantities
such as eddy kinetic energy allow the total expression of this simulated variability to be compared
to altimetry (e.g. Fig. 3.16). However, it does do not provide information on the parameters
and trajectories of individual eddies. Recent observations suggest that Agulhas Rings follow one
of three paths across the Cape Basin (Dencausse et al., 2010a). To determine if the scales and
paths of simulated Agulhas rings are consistent with those observed, an eddy tracking algorithm
is implemented.
There are a number of ways to automatically detect and track eddies (Sadarjoen and Post,
2000; Penven et al., 2005; Isern-Fontanet et al., 2006; Chelton et al., 2007, 2011; Souza et al.,
2011). Approaches using deformation and geometry are the most common. In the former
approach, deformation in the surface field is quantified using the Okubo-Weiss parameter. How-
ever, as described above, interpolation and measurement errors in altimetry require that the
Okubo-Weiss field is filtered to remove noise from the second derivative of SSH. The bias intro-
duced by this filtering is accounted for by imposing a threshold value for vorticity dominated
flow (-2×10-12 s-2) (Chelton et al., 2007; Isern-Fontanet et al., 2006). The Okubo-Weiss para-
meter is much less noisy for the model, and is not filtered. However, the same threshold is used
for consistency with observations.
In the geometric approach surface eddies are identified and tracked using criteria based on
closed SSH loops (Chelton et al., 2011). As this approach does not require the second derivative
of the SSH field, the geometric approach appears less problematic (Chelton et al., 2011; Souza
et al., 2011). However, it does require a threshold for an SSH anomaly and/or a criteria for eddy
shape. This is problematic for two reasons. Firstly, as the SSH anomaly criteria is resolution
dependant it makes direct comparison of altimetry data with model fields problematic. Secondly,
as Agulhas Rings experience a high-degree of modification in the Cape Basin it is not simple to
define a ’typical’ geometry.
4.4. The Eddy-tracking algorithm 109
To minimise the requirements for filtering and generalise the criteria for SSH anomalies,
the approach presented here identifies eddies using a ’hybrid criteria’ scheme that combines
the Okubo-Weiss parameter with the geometric method. This scheme has been successfully
applied to altimetry in the greater Agulhas system (Backeberg et al., 2012), and to altimetry
and simulations in the Mozambique Channel (Halo et al., 2013).
4.4.1 Identifying eddies
Eddies are identified as follows, using the same parameters for models and altimetry:
1. Deformation eddy identification: The Okubo-Weiss parameter is calculated from geo-
strophic velocities. This is subsequently Hanning filtered twice to remove spurious noise.
Regions where vorticity dominates (OW < -2×10-12 s-2) are selected.
2. Geometric eddy identification: Due to improvements in the mean ocean dynamic topo-
graphy (Rio et al., 2011), loop criteria is based on absolute SSH fields. Advantageously
this prevents the detection of current meanders, present in the sea level anomaly fields, as
eddies. The SSH field itself is extracted from the weekly AVISO Mean Absolute Dynamic
Topography (MADT) products of 5-daily model field and contoured at 4SSH=0.02 m
intervals, the approximate accuracy of the altimetry products. In the case of the 1/12o
model configurations (e.g. ARC112i), the grid is degraded by a factor of three to facilitate
a better comparison with the altimetry. The maximum radius of a detected loop is set
at 400 km to prevent large scale ocean features, such as gyres, being mistakenly detected
as eddies. Subsequent sensitivity tests have shown that the geometric eddy identification
method is minimally sensitive to the 4SSH and maximum loop size values used.
3. Determining the hybrid criteria: Chelton et al. (2011) noted that, despite filtering OW
is likely to incorrectly select some areas as ocean eddies. Further, closed SSH loops may
contain multiple SSH maxima (ibid). To minimise these inaccuracies, the two approaches
are combined. Eddies are determined to be present only where OW is negative and where
a closed SSH loop exists. Any selected eddy must contain a local SSH extreme and OW
minima (Fig. 4.13).
4.4.2 Tracking eddies
The eddies are tracked using the method presented in Penven et al. (2005). An initial eddy, e1,
at time t is compared to the eddy field in in the subsequent frame. The eddy is matched to an
eddy, e2, at time t = t+ 1 when the non-dimensional property-space distance (Xe1,e2) between
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Where:
• 4X is the spatial distance between e1 and e2
• 4R is the change in diameter between e1 and e2
• 4ξ is the change in relative vorticity between e1 and e2
• Xo is a characteristic length scale: 50 km
• Ro is a characteristic radius: 100 km (allowing for eddy-splitting)
• ξo is a characteristic relative vorticity: 1x10-5 s-1
As an additional criteria, an eddy must retain the sign of its vorticity to be tracked between
frames. Where this is violated, Φe1,e2 = ∞. All eddies are assigned a unique identifier, which
the eddy retains throughout its lifetime. Where eddy splitting occurs new identifiers are issued
to each of the daughter vortices. Where no subsequent matching eddy is found the track is
terminated.
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Figure 4.13: Eddies identified in the model SSH field in May 1992, contoured at 5 cm intervals for
visualisation, only. 2 cm intervals are used in processing. Red and blue circles indicate anticyclones and
cyclones, respectively. The red and blue lines show the trajectories of the eddies during their lifetime.
Only eddies with lifetimes greater than 2 months are tracked. The green line traces the 500 m isobath.
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Figure 4.14: Trajectories of cyclones (blue) and anticyclones (red) in the Cape Basin from 1992 to 2007
derived from (a) ARC112i and (b) Aviso. Eddies are tracked from their generation site inside the black
box and must persist west of 20oE to be counted.
4.4.3 The Cape Basin eddy field
In Fig. 4.14, the trajectories of all the eddies matching the criteria imposed above are mapped
for the 1992-2007 period for ARC112i and eddies extracted from AVISO altimetry. Only eddies
generated in or near the retroflection and persisting west of 20oE are considered. Both hindcast
and altimetry signals show a predominance of anticyclonic eddies at the retroflection, surrounded
by a band of cyclonic trajectories. These latter features predominate in the north, formed as
lee eddies behind the Agulhas Bank (Penven et al., 2001). In both panels, the majority of
the anticyclonic trajectories proceed northwestward, with secondary branches to the west and
southwest, divided by the topography of the Agulhas Ridge. In the altimetry signal, two southern
eddies cross the ridge to the north. No simulated eddies make this crossing, suggesting that the
interaction between the barotropic signal of the eddies and the topography is not completely
reproduced. Cyclonic eddies also persist on an eastward path, and appear to cover more distance
in the model.
By spatially binning the trajectories, the prevalence of anticyclonic and cyclonic eddies can
be determined over a grid, highlighting regions where eddies exhibit an increased frequency,
shown in Fig. 4.15. Regions of increased anticyclonic eddy activity are clearly visible to the
northeast and southeast of the retroflection in both the observations and simulation, although
the northern branch appears over-expressed in the model. The formation of cyclones in the lee
of the Agulhas Bank is again visible in Fig. 4.15c & d. A second source of variability at 33oS in
the model is completely absent in the observations.
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Figure 4.15: Gridded distribution of total eddy tracks for the 1992 to 2007 period spatially binned onto
a 0.75o by 0.75o grid for (a) altimetry derived anticyclones, (b) altimetry derived cyclones, (c) model
derived anticyclones and (d) model derived cyclones.
North Central South None Total
Anticyclones
Aviso 88(5.5±2.1) 60(3.8±2.6) 35(2.2±1.1) 17(1.1±1.1) 200(12.5±3.8)
ARC112i 79(4.9±1.4) 37(2.3±1.1) 39(2.4±1/3) 19(1.2±1.0) 174(10.9±2.2)
Cyclones
Aviso 95(5.9±2.6) 39(2.4±1.3) 35(2.2±1.32) 27(1.7±1.1) 196(12.3±3.6)
ARC112i 91(5.7±2.3) 30(1.9±1.4) 32(2.0±1.0) 29(1.8±1.0) 182(11.4±2.3)
Table 4.1: Summary of the paths taken by Agulhas rings and cyclones between 1992 and 2007. Numbers
given are for total (annual mean ± annual standard deviation).
Recently, Dencausse et al. (2010a) identified three paths that eddies can take across the
Cape Basin, separated by the major bathymetric features. In the northern path, eddies travel
northwestward between the Erica seamount at 15oE-38oS and the nearest coastal point to the
northeast. Eddies passing between the seamount and the Agulhas Ridge are ascribed to a central
path. Eddies travelling south of the Agulhas ridge follow the southern path. To assess the ability
of the model to replicate the predominance of eddies in these three regions, the eddy tracks are
separated into those that persist in the regions shown in Fig. 4.16. Eddies are assigned to the
first zone that they enter.
The number of eddies found in each section is summarised in Table 4.1. The number and
variability cyclones and anticyclones found in the northern and southern sections of the hind-
cast match well with the observations. However, anticyclones in the central path are under-
represented and in general, more eddies are detected in the altimetry than in the hindcast. The
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total number of observed anticyclones detected per year (200) equates to 12.5 features per year,
approximately twice the 5±1 year-1 estimate of Schouten et al. (2002a). The high numbers
occurs due to the tracking of anticyclonic features that arise through ring splitting in the Cape
Basin, as previously observed by Arhan et al. (1999). Dencausse et al. (2010a) tracked all anti-
cyclonic features, rings and sub-rings, across the Cape Basin between 1992 and 2007 using SSH
only, counting 199 events total. No distinction is made between rings and sub-rings here, but
the aforementioned study suggests an approximately 50:50 distribution between them.
While the transport of Indian Ocean waters associated with Agulhas Rings is, in part,
determined by their number, it is also determined by their size and speed. Eddy radius is
calculated by the eddy-tracking algorithm. Model and altimetry frames are extracted on a
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Figure 4.17: Annual averages of eddy numbers for the eddies tracked in Fig. 4.14. The black and
grey dotted lines show the mean eddy number for the model and altimetry, respectively. Black and grey
hash-marks show the ± 1 standard deviation in the model and observations, respectively.




































































































































Figure 4.19: As in Fig. 4.17 but for eddy speed
component of eddy movement in the shorter timescale model product, speed is calculated based
on the distance travelled in a monthly basis.
The mean and interannual variability in the number, radius and speed of cyclones and
anticyclones detected in Fig. 4.14 are summarised in Figs. 4.17 to 4.19. The time series of eddy
numbers, both for rings and cyclones, reflects the numbers in Table 4.1. Observations show more
eddies of both polarities, with increased interannual variability. In the mean, similar numbers of
cyclones and anti-cyclones are expressed, with suggestions that the interannual variability of the
two are linked. The lowest observed occurrence of rings occurs simultaneously with the lowest
occurrence of cyclones. The upstream retroflection observed in 2001 is reflected in low number
of rings tracked in the following year.
Eddy radii, which appears to be accurately captured, shows little interannual variability.
The largest feature observed and simulated anticyclonic features detected are 161 km and 209
km in radius, respectively, broadly matching the values reported by Arhan et al. (1999) but
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Figure 4.20: Trajectories of cyclones (blue) and anticyclones (red) in the Cape Basin from 1948 to 2007
derived from ARC112i. Eddies are tracked from their generation site inside the black box.
perhaps missing the largest features. Mean radius is substantially smaller at 76 km for simulated
anticyclones, differing from the observed value by only 4 km. The smaller cyclones, v60 km in
both the simulation and altimetry, are consistent with the observations of Boebel et al. (2003a).
Mean anticyclone speeds derived from altimetry fall within the standard deviation of in site
measurements reported by Boebel et al. (2003a), while the mean cyclone speed derived here is
faster than those previous observed (ibid). While eddy number and size appear well simulated,
there are biases of +0.0135 ms-1 (+23%) and +0.0173 ms-1 (+32%) in anticyclone and cyclone
speed, respectively. While attempts have been made to reduce the effects of Brownian motion
in the temporal sampling of eddy speed, it is possible that the shorter time base of the model
(5-daily) continues to contribute to a faster eddy speed derived from the simulations. There
appears to be no interannual relationship between eddy size, number and speed.
With the exception of anticyclone speed, which is increasing in both the model and observa-
tions, none of the eddy parameters show a significant decadal tendency in the 1992-2007 period.
This mirrors the findings of Backeberg et al. (2012), who used the same tools as presented here
to conduct a full census of the retroflection region from altimetry, finding a significant positive
trend only in meridional velocity of anticyclones. However, to facilitate a comparison with ob-
servations, thus far only eddies that arise between 1992 and 2007 have been considered. As the
trajectories, number and size of the simulated eddies appear to be well approximated during this
period, the analysis is expanded to the full 1948-2007 period, allowing multi-decadal variability
to be implied.
The full census of eddy trajectories for this period is shown in Fig. 4.20, which shows a similar
trajectory pattern to that shown for the observational period (Fig. 4.14a) but with increased
trajectory density throughout. All three ring paths (northern, central and southern) are still
in evidence, however, as before, no eddies are seen crossing the Agulhas Ridge. Previously,
using the Okubo-Weiss parameter described in section 4.3, separation of the passive tracer flux
across the ALE transect into eddy and non-eddy components indicated that, since 1948, both
4.4. The Eddy-tracking algorithm 116
cyclone and anticyclone flux has increased. Fig. 4.21 summarises the decadal variability in
eddy specifics from 1948 to 2007. Long term trends suggest that changes in eddy driven leakage
can be attributed to increases in eddy number, speed and size. However, the only statistically
significant changes are in respect of increases in cyclone size (with 95% confidence) and, most
strongly, anticyclone speed (with 99% confidence). The marked reduction in Agulhas leakage
in the mid-1960s occurs simultaneously with substantial reductions in eddy speed and size, and
appear to have been preceded by a sharp reduction in cyclone number.






 r: 0.12 p: 0.27
0.19 Rings.decade
-1





















 r: 0.01 p: 0.73
0.933 km.decade
-1











































4.5.1 Comparing quantification methods
Most estimates of Agulhas leakage magnitude derived from observations place it between 2 Sv
and 15 Sv (de Ruijter et al., 1999a; Richardson, 2007). Modelling values are much more variable,
reaching 40 Sv at the upper limit of estimates (Speich et al., 2006). Typically, lower resolution
models feature higher Agulhas leakage values, possibly resulting from the increased numerical
viscosity of the retroflection at the coarse grid scales (Dijkstra and de Ruijter, 2001). However,
increased resolution is no guarantee of a realistic leakage, and many of the models featuring a
very strong leakage are in the eddy-permitting regime or higher (Speich et al., 2006).
AGIOi and ARC112i conform to the general paradigm of decreasing mean inter-basin flux
with increasing resolution, with only the latter expressing a value that is consistent with ob-
servations. It has been previously suggested that, at 1/4o, ROMS (and by extension AGIOi)
may be overly viscous (van Sebille et al., 2010a), but the effective resolution and low Ekman
number of AGIO (shown in section 2.5.1) and minimal horizontal viscosity (HMIX panel in Fig.
2.17b) suggests otherwise. Further, both simulations produce Agulhas Rings. Rather than as a
result of increased viscosity, the difference in mean leakage value between AGIOi and ARC112i
may be attributable to the differing effects of bathymetry on the current path, and the overly
westward extent of the retroflection loop in the former case, where the Agulhas Bank is highly
smoothed (Fig. 3.18). This results not only in an overall increase in the expressed leakage when
the retroflection loop is erroneously westward, but in a marked discrepancy between the Agulhas
leakage values reported through Lagrangian and Eulerian techniques. This discrepancy disap-
pears when the retroflection is more realistically positioned, as it is in ARC112i. It is important
to note that the divergence in Lagrangian and Eulerian fluxes noted in AGIOi may be construed
as a compromised experimental setup with regard to the collection of virtual floats. However,
if the models presented are to be compared with existing observations, the choice of collection
transect (i.e. at the GoodHope Line) is somewhat prescribed. The passive tracer approach was
introduced to somewhat ameliorate this problem.
Consequently, while many models apparently produce a ‘realistic’ leakage with regard to
magnitude, much of this accuracy may depend on how this leakage is quantified. The dependance
of the leakage magnitude on quantification method is underlined by van Sebille et al. (2010c),
who compared Eulerian and Lagrangian fluxes in the same model. While the former approach
is more amenable to comparison with hydrographic observations, for example with hydrography
at the GoodHope Line, it proves problematic in terms of specificity. To accurately separate
the Agulhas leakage from other regional transports (such as through the ACC, or via NADW
flux in the deep branch of the AMOC), the Eulerian flux must be preferentially limited by the
geographical extent of the measuring transect, by characteristic water mass criteria, or by both.
Although it is less amenable to comparisons with observations, here, in an attempt to subvert
these limitations, an explicit passive tracer has been introduced into the simulations, removing
4.5. Discussion 118
constraints based on either water masses or transect extent.
Within the context of the OGCM simulation tested by van Sebille et al. (2010c), imposing
specific T/S criteria and optimising the integration region produced an Eulerian Agulhas leakage
flux value only half that derived from the Lagrangian approach. Here, a similar result is derived
from comparisons between the passive tracer determined leakage and that derived at various
T/S cut-off values in ARC112i. Where the best correlation between the two measures arises, at
S>35.4, T>15, the leakage is underestimated by 44%. The likely occurs due to the exclusion
of Indian Ocean water masses, predominantly South Indian Central Water, that are diluted
through mixing with Antarctic Intermediate Waters and South Atlantic Central Water in the
intermediate layers (Fig. 3.6) (Gordon et al., 1992; Boebel et al., 2003a).
Irrespective of how volume flux is measured, both models show a multi-decadal increase in
Agulhas leakage and decrease in Agulhas Current since the 1960s. ARC112i, the model with
the greatest degree of fidelity when compared to observations, shows a positive tendency of +2.2
Sv.decade-1 / +2.6 Sv.decade-1 (ALE / ALL). The sign of this signal is consistent with the
previously reported model values of Biastoch et al. (2009b) (AG01: +1.2 Sv.decade-1 from 1968-
2007) and Rouault et al. (2009) (SAfE: +3.9 Sv.decade-1 from 1982-2007), with a magnitude that
falls between the two. Notably, the steadily decreasing Agulhas Current transport in ARC112i,
while consistent with that reported by Biastoch et al. (2009b), differs from other hindcasts,
most notably Rouault et al. (2009), in sign. The models used here employ the same forcing
as used in the Biastoch et al. (2009b) configuration, and draw their boundary conditions from
the similarly forced ORCA05 OGCM. It is interesting to note that, under consistent forcing
the previously divergent ROMS (SAfE) and NEMO (AG01) models agree in behaviour. As
differences in model numerics does not appear to be immediately responsible for the existing
discrepancy in behaviour, perhaps it is possible to explain the differences in the long term
variability in the context of the prevailing wind signals present in various forcing products.
Dynamical explanations of this multi-decadal variability and the interplay between Agulhas
Current and leakage are the focus of the remaining two chapters of this thesis.
Philosophically, comparing Lagrangian and Eulerian leakage estimates introduces a certain
ambiguity. While the former ascribes leakage to be only those Agulhas Current waters that
persist into the Atlantic, the latter widens this definition to include all Indian Ocean waters
that persist westward. The difference is perhaps a subtle one, as the Agulhas Current is the
overwhelmingly dominant transport path via which the Indian to Atlantic flux can occur. Yet,
while the term ’Agulhas leakage’ implies a firm association with flux in the upstream western
boundary current, which in recent practice has been quantified by the Lagrangian approach at
32oS (Biastoch et al., 2009b; van Sebille et al., 2009b; Durgadoo et al., 2013), if the critical
downstream response is in the behaviour of the AMOC, perhaps this definition is too narrow as
it may preclude more localised recirculation in the subgyre.
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4.5.2 Agulhas leakage structure
In the introduction to this chapter, four Agulhas leakage mechanisms were presented as con-
tributing to total inter-basin flux. Of these, anticyclonic Agulhas Rings form the dominant
link between the Indian and Atlantic Oceans in terms of volume flux and water mass advection.
However, due to substantial modification during their transits across the Cape Basin, the idea of
localised ‘pockets’ of Indian Ocean waters being advected into the South Atlantic is somewhat
misleading. Combining in situ Lagrangian float tracks with altimetry, Boebel et al. (2003a)
were the first to suggest the idea of a Cape Cauldron, characterised by vigorous mixing and
stirring in the South East of the Cape Basin. Modification of Agulhas Rings by deformation
of the ring boundary (de Steur, 2004), eddy-splitting (Arhan et al., 1999), cyclone generation
(Baker-Yeboah et al., 2010), interaction with topography (Baker-Yeboah et al., 2010; Herbette
et al., 2002), eddy-eddy interactions and convection driven by surface interactions all serve to
disperse the Indian Ocean waters across the Cape Basin. Consequently, a hydrographic survey
of the South East Indian Ocean by Garzoli and Goni (2000) determined that up to 50% of the
surface waters were of Indian Ocean origin.
The proportions of Agulhas leakage retained within eddies has been investigated before. In
a previous Lagrangian study, Doglioli et al. (2006) used a climatologically forced regional model
to determine that only 30% of the transport across the Cape Basin is trapped within the eddies
themselves. Here, in an analogous approach, the Okubo-Weiss parameter to is used separate the
eddy and non-eddy components of the Eulerian flow. This yields a similar result, with 28.5% of
the flow contained within eddies during the 1948-2007 period. Within this eddy flux component,
Doglioli et al. (2006) found a cyclone to anticyclone transport ratio of 1.3:1, whereas a 2:1 ratio
is derived here. As such, while passive tracer concentration, and therefore Indian Ocean water
percentage, remain highest within Agulhas Rings even as they leave the Cape Basin (Fig. 4.3),
they contribute only 20% to the total flux. Consequently, while coastal flow plays a small part
through a shelf edge jet described by Bang and Andrews (1974), the majority of the flux occurs
due to the mixing of leakage sourced waters into the background flow of the South Atlantic
subtropical gyre.
The 1/12o nested configuration used in ARC112i is similar to that used in the Doglioli et al.
(2006) study, making it somewhat less easy to determine whether of not these results can be
generalised across other models, or are configuration dependant. However, the anticyclonic and
cyclonic eddy scales in ARC112i compare favourably with those derived from altimetry (Table
4.1) and from hydrography and in situ floats by Arhan et al. (1999) and Boebel et al. (2003a),
respectively. Consequently, there is a suggestion that attempts to reconstitute Aguhas leakage
from Indian Ocean waters retained within Agulhas Rings, and their generation frequency may
potentially underestimate total flux by a substantial margin.
Through modelling studies of inter-basin exchange, Matano and Beier (2003) determined
that while Agulhas Rings are surface intensified, expressing mixed barotropic/baroclinic modes,
cyclones show a dominant barotropic mode, tending to be intensified at the bottom. The surface
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intensification associated with Agulhas Rings is evident in the vertical distribution of both the
Lagrangian and Eulerian transports (Fig. 4.5 and 4.6), which dissipate with depth. However,
suggestions of a barotropic signal in the Eulerian transport trends may be indicative of the role
played by cyclones in determining total flux.
Donners et al. (2004) modelled Agulhas Ring dynamics in a high resolution OGCM, determ-
ining that Agulhas Rings were only able to maintain their water mass properties with any degree
of longevity where the azimuthal velocity was greater than twice the translational velocity. This
condition was rarely true below 800 m, and in consequence, Indian Ocean water masses were
quickly mixed into the turbulent Cape Basin. van Aken et al. (2003) reached a similar conclusion
through the hydrographic profiling of a young Agulhas Ring ‘Astrid’ in March, 2000 noting that
much of the original water mass properties were lost below 800 m. The dissipation of Eulerian
transport with depth shown here may then be related to the mixing of the passive tracer out of
the ring below around 1000 m, which may be especially acute given the bias towards increased
translational velocity within the model.
4.5.3 Eddy field fidelity and variability
A common issue with many models of the Agulhas leakage is a preference for Agulhas Rings
to bias towards taking a single path across the Cape Basin and South Atlantic (Maltrud and
McClean, 2005). In contrast, Dencausse et al. (2010a) recently identified three paths that
observed Agulhas Rings can take across the Cape Basin. Comparison of the the eddy trajectories
extracted from the model with those derived from altimetry suggests that, in the 1992 to 2007
period, ARC112i reproduces the spread and specifics of the Cape Basin eddy field with a high
degree of fidelity. In their analysis, Dencausse et al. (2010a) found the central path to be
the most commonly taken, but here the northward path shows the greatest number of eddies.
This discrepancy is ascribed to differences in the methodology used to identify eddies and the
two-month limitation imposed on eddy lifetime in this study.
Substantial numbers of simulated eddies are tracked in all three observed paths, but, com-
pared to observations, anticyclones are underestimated in the central path by almost 40%. Of
all three paths, the central one presents the greatest topographical barrier to westward flux. It
is possible that the under-representation of eddies in the central path is therefore the results of
the dissipation and splitting of Agulhas Rings by seamounts, an effect previously described by
Herbette et al. (2002). Similarly, while observed anticyclones in the southern path are eventu-
ally able to cross the Agulhas Ridge to the north, their simulated counterparts are not. This
may again indicate that the interaction between Agulhas Rings and topography in the model is
not correctly simulated as a result of topographic smoothing, insufficient vertical resolution or
increased velocities at depth, increasing the potential for splitting and erosion (Herbette et al.,
2002).
An alternative explanation is that the simulated eddies in the southern path may be sub-
ducted such that they can no longer be tracked as they transit north across the ridge. Garzoli
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(1999) noted that rings that cross the STF are significantly modified in terms of their water
mass structure. ARC112 shows a bias to increased salinity and temperature at the surface in
the Southern Ocean, as shown in section 3.3, Fig. 3.2 and 3.3, possibly destabilising the local
density structure resulting in the subduction of simulated anticyclones. A final possibility is that
the eddies are subducted through the interaction with outcroppings of a simulated STF that
may be slightly further north than observed (Herbette et al., 2004), though the 12oS isotherm
at 100 m appears to agree well with that observed by Orsi et al. (1995).
Cyclones are by far the most numerous in the northern path, centering on two cores of
activity directly to the west of the Agulhas Bank and further north up the west coast of Africa
at 34oS. At the former site, cyclones are generated as lee eddies arising from the detachment of
the Agulhas Current from the Agulhas Bank (Penven et al., 2001). At the latter site, cyclones
may form as a result of the interaction between Agulhas Rings and topography. This process,
described by Baker-Yeboah et al. (2010) facilitates the mixing of slope waters onto the Benguela
shelf and links the increased prevalance of these cyclones in the model with the over-abundance
of anti-cyclones taking the northern path near the coast.
Within the context of this study, simulated eddies, both cyclonic and anticyclonic, approx-
imate observations well with regard to their size. However, the largest eddy detected in the
observations is 322 km in diameter, notably smaller than the largest ring surveyed by (Arhan
et al., 1999). In part, this may be the result of sampling the mean properties of the eddies across
their lifetime, assuming, consistent with observations, that they decrease in size with time. Cyc-
lone dimensions are much more consistent with the observations of Boebel et al. (2003a), though
the authors record a 3:2 distribution of cyclones to anticyclones, while a 1:1 ratio is detected
here. This deviation can be explained by the larger tracking region covered in this analysis, and
the increased likelihood of further ring splitting in the Cape Basin outside of the KAPEX region
surveyed by Boebel et al. (2003a).
With the exception of anticyclonic eddy speed, no statistically significant tendency are seen
in either the simulated or observed eddy parameters during the 1992 to 2007 period, mirroring
the previous results of Backeberg et al. (2012). Expanding the analysis to include the entire
1948-2007 hindcast (Fig. 4.21) indicates that the trend in ring speed, along with a positive trend
in cyclone size, is robust on a multi-decadal time scale. The coherence between the time series
of total leakage and anticyclone speed heavily suggests that the is a dominant contributor to
the measured increase in inter-basin flux since the mid-1960s. As Agulhas Rings are likely to see
greater mixing with their surroundings as translational velocity increases (Donners et al., 2004),
it seems likely faster travelling rings may also drive a strengthening of the non-eddy governed
leakage component. However, it should be noted that Agulhas ring speed within the context of




In order to investigate the magnitude and structure of the Agulhas leakage, a number of compli-
mentary techniques have been applied to two hindcast simulations of varying resolution. Quan-
tification of the total leakage has been performed using Lagrangian and Eulerian fluxes, where
the latter is inferred from a passive tracer used to explicitly label Indian Ocean waters. The
Eulerian Agulhas leakage measurement is subsequently separated into cyclonic, anticyclonic and
non-eddy governed components by applying the Okubo-Weiss parameter throughout the model
levels. Lastly, to place these leakage estimates in the context of the surface eddy variability,
an eddy tracking scheme has been used to assess the trajectories of vortex features, comparing
them to altimetric observations. The following conclusions have been reached;
• Using a Eulerian passive tracer provides an effective and specific way of measuring Agulhas
leakage magnitude and structure.
• Quantifying Agulhas leakage using Eulerian methods based on specific T/S properties
underestimates inter-basin flux by up to 50% when compared to more explicit passive
tracer based transports. This is consistent with previous Lagrangian studies (e.g. van
Sebille et al. (2010c))
• Increased resolution produces a lower mean Agulhas leakage, with a value that is closer
to observations, irrespective of the measurement technique used. However, while Eulerian
and Lagrangian methods converge in the case of a more realistic retroflection position (in
ARC112i), the Lagrangian approach may overestimate inter-basin flux in cases where the
retroflection is overly westward (in AGIOi).
• The Agulhas leakage is predominantly confined to the surface layers (top 1500 m). At the
GoodHope Line only 30% is contained within eddies with a 2:1 anticyclonic to cyclonic
ratio. The majority occurs through intra-ring flux due to mixing of ring water masses with
the surrounds.
• Consistent with the observations of (Garzoli and Goni, 2000), passive tracer spread in the
Cape Basin indicates that up to 50% of the surface water there is of Indian Ocean origin.
• The ARC112i model represents all three observed eddy paths (Dencausse et al., 2010a)
with a high degree of fidelity in regard to ring and cyclone trajectory, number and radius,
but eddy speeds are higher than observed.
• Multi-decadal increases in the eddy and non-eddy flow components contribute to an Agul-
has leakage that increases from the mid 1960s, showing a significant degree of interannual
and decadal variability. The Agulhas Current, which also exhibits strong interannual vari-
ability, weakens during the same period. Strengthening transport in the eddying portion
of the flow can be attributed to increases in the speed of Agulhas Rings and progressively
larger cyclonic features, but are dominated by variability in the non-eddy flow component.
Chapter 5
Greater Agulhas sensitivity to
changes in the Indian Ocean trade
winds
5.1 Introduction
South of Africa, the Agulhas Current retroflects, turning sharply eastward and flowing back into
the Indian Ocean. The Agulhas leakage, a collective term for waters that persist into the South
Atlantic after ejection from this retroflection, forms a key link in the "warm-water" route of the
global thermohaline circulation (Beal et al., 2011; Gordon, 1986). Long-term variability in the
exchange of these waters may have consequences for the inter-decadal strength of the Atlantic
Meridional Overturning Circulation (Weijer et al., 2002; Biastoch et al., 2008b) and possibly
plays a role in the termination of glacial phases (Peeters et al., 2004). Leakage magnitude is
mediated by the dynamics of the greater Agulhas system, under the influence of the large-scale
winds (de Ruijter et al., 1999a; Biastoch et al., 2008c; Rouault et al., 2009; van Sebille et al.,
2009b; Zharkov and Nof, 2008a). Reanalysis products show that Indian Ocean trade winds have
recently intensified (Backeberg et al., 2012). However, an unclear western boundary response
during this period (Biastoch et al., 2009b; Rouault et al., 2009), suggests a need to clarify the
response of the Agulhas Current and leakage to trade-wind variability.
As a result of the turbulence of the Cape Basin, leakage observations are highly variable at
between 2 Sv and 15 Sv (de Ruijter et al., 1999a; Richardson, 2007) (as discussed in Chapter 4).
In contrast, the southern Agulhas Current is better constrained at v70 Sv (Bryden et al., 2005).
However, theoretical arguments suggest the existence of an exploitable dynamical relationship
between Agulhas Current transport and downstream leakage, which may allow the latter to be
inferred from western boundary transport (Beal et al., 2009; van Sebille et al., 2010a).
The mechanistic interplay between the current and leakage has been extensively studied using
idealised numerical simulations that focus on Agulhas retroflection dynamics. Using a weakly
non-linear, one-layer model, de Ruijter (1982) argue that inertia, which allows the Agulhas
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Current to overshoot the continental shelf as a free-jet, is critical in establishing the retroflection.
Positive vorticity accumulation in the poleward flowing jet turns it eastward, forming an Agulhas
Return Current with a transport determined by the decrease in wind stress curl across the inertial
boundary layer. Here, a larger decrease produces a stronger return current, and in consequence,
a weaker leakage. Boudra and de Ruijter (1986) and de Ruijter and Boudra (1985) confirm this
inertial relationship in baroclinic and barotropic cases. Subsequently, Ou and de Ruijter (1986)
show that stronger upstream transport causes an earlier coastal separation and a more eastward
retroflection position. Although retroflections are possible in high-friction cases (Boudra and
Chassignet, 1988; Chassignet and Boudra, 1988), only those governed by inertia are physically
valid (Dijkstra and de Ruijter, 2001), as high-friction produces a non-physical barrier to inter-
ocean transport in the former case. Recently, Le Bars et al. (2012) describe a third regime where
leakage reaches an asymptotic limit at high wind stress due to increased cross frontal mixing in
the return current and the southward export of Indian Ocean waters.
Indian Ocean winds have recently undergone substantial change. Reanalysis products show
a positive trend in wind-stress curl between 18oS and 25oS from 1993 to 2009 (Backeberg et al.,
2012), predominantly driven by trade wind intensification (Han et al., 2010). Concurrently, a
strengthening (Swart and Fyfe, 2012) and poleward migration (Thompson and Solomon, 2002;
Gillett and Thompson, 2003) of the southern hemisphere westerlies, has intensified the supergyre
linking the South Indian, South Atlantic and South Pacific oceans (Cai, 2006).
Reanalysis forced hindcasts, performed with high-resolution ocean models suggest that, post-
1970, these wind changes have driven a substantial leakage increase (Biastoch et al., 2009b;
Rouault et al., 2009), warming the South Atlantic (Lee et al., 2011). Although both hindcasts
show a warming of the Agulhas Current in the this period, Biastoch et al. (2009b) show a
weakening Agulhas Current, while Rouault et al. (2009) record a strengthening. Analysing the
Biastoch et al. (2009b) simulation, van Sebille et al. (2009b) argue that the anti-correlation
between reduced current strength and increased leakage has a dynamical basis, following the
inertial outcropping mechanism of Ou and de Ruijter (1986). However, Ou and de Ruijter (1986)
do not discuss leakage in their idealized study, and altimetry suggests that the position of the
retroflection has remained constant since 1992 (Dencausse et al., 2010b; Backeberg et al., 2012).
Notably, the Biastoch et al. (2009b) and Rouault et al. (2009) hindcasts apply different
reanalysis forcing. Superimposed trade and westerly wind signals may produce non-linear effects
that are difficult to disentangle. In this context, investigating a dynamical link between the
Agulhas Current and leakage is problematic as responses to upstream transport changes cannot
be readily isolated from westerly induced effects further south. Using similar models to this
study, Durgadoo et al. (2013) show a strong leakage response to changes in westerly wind
strength. However, inertial arguments suggest that Agulhas Current transport may also influence
leakage. As recent observations show that trade winds, which partially drive current strength,
are intensifying, two questions become apparent. Firstly, how does the Agulhas Current respond
to trade-wind driven variability? Secondly, what are the consequences for Agulhas leakage?
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Here, using four ocean models of increasing horizontal resolution, the sensitivity of the greater
Agulhas Current system to changes in the trade wind stress is tested, under conditions that
mirror and exceed the recent trends seen in the reanalysis products (Backeberg et al., 2012).
It is demonstrated that the inertia of the Agulhas Current, driven by these changes, has a
minimal influence on the magnitude of the Agulhas leakage; a ’decoupling’ that becomes more
pronounced as resolution increases. It is concluded that, in the eddy-resolving simulation tested
here, the upstream transport of the Agulhas Current may not be a reliable proxy for the Agulhas
leakage.
5.2 Applying anomalies: Modifying trade wind stress
Between 1993 and 2009 reanalysis products show a positive trend in wind stress curl between
10oS and 26oS (Backeberg et al., 2012, supplementary), driven by trade wind intensification
(Han et al., 2010). Although this variability influences Agulhas Current transport (Rouault
et al., 2009), the effect on the leakage is unknown. To investigate this response a series of
anomalies are developed to modify the winds between the equator and 32.5oS, which are assumed
here to constitute the trade winds. The anomalies are based on the zonally averaged zonal
wind stress from 20o to 115oE, as extracted from a climatological reference run forced with the
CORE v.2b normal year surface fluxes (Large and Yeager, 2009). The anomalies are designed
to geometrically modulate zonal trade wind stress strength by ±20% and ±40% (Fig. 5.1).
The meridional wind stress is unchanged. The ±20% anomalies cause a change in wind stress
curl approximate to the standard deviation of the annual mean value seen in the CORE v.2b
1948-2007 winds (Fig. 5.1c). The anomalies are applied across the Indian Ocean basin at every
model time-step (Fig. 5.1d). The drag coefficient and heat exchanges remain unaffected. Thus,
only the dynamical effects of the modulated winds are considered.
5.3 Experimental summary
5.3.1 AGIO experiments
A summary of the model experiments performed in given in Table 5.1. Four sensitivity ex-
periments are performed with the AGIO model, described in chapters 2 and 3, using all four
anomaly patterns shown in Fig. 5.1. Boundary conditions for these sensitivity experiments are
drawn from the monthly mean of year 1 to 60 of the ORCA05r climatological run.
5.3.2 ARC112 experiments
As shown in chapter 3, horizontal resolution (Dijkstra and de Ruijter, 2001) and the representa-
tion of regional bathymetry (Speich et al., 2006; Matano, 1996) play a key role in the behaviour
of the Agulhas retroflection and, subsequently, the magnitude of the leakage. To assess the
effect on resolution on the dynamical link between Agulhas Current transport and leakage, the
5.3. Experimental summary 126












Zonal Wind Stress Anomaly [Nm 
-2
 ]





















































   0
o
    40
o











































Figure 5.1: Zonal averages of, (a) zonal wind stress anomalies, (b) zonal wind stress and (c) zonal wind
stress curl for the trade wind sensitivity experiments. No anomaly is applied outside of the grey dashed
lines. The black line describes the 20-year mean climatological reference value. The grey shaded area in
(b) and (c) covers the annual standard deviation in the 1948-2007 wind stress curl extracted from the
ARC112i hindcast. The full extent of the AGIO and ARC112 parent domain is shown by the large black
box. Anomalies are applied over the area shown in colour; AGIOm40 is shown in this case. The contours
and vectors show the magnitude and direction of the AGIOr wind stress. The extent of the ARC112
high-resolution nest is shown by the small black box.
±40% anomaly experiments are repeated using the ARC112 eddy-resolving configuration, the
ARC112xx experiments shown in Table 5.1.
5.3.3 Global model experiments
To test the robustness of the relationship between Agulhas Current and leakage, a similar set
of experiments was performed in two OGCM configurations; ORCA05 and INALT01. Both sets
of experiments were performed at the Helmhotlz Centre for Ocean Science, GEOMAR, Kiel.
ORCA05 is an established coarse resolution global ocean-only model configuration that suc-
cessfully reproduces ocean circulation at the large scale (Biastoch et al., 2008a). It is based on
version 3.1.1 of the NEMO code (Madec, 2008) and includes the LIM2 sea-ice module (Fichefet
and Maqueda, 1997). The tri-polar grid, Mercator gridded south of 20oN, has a nominal hori-
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zontal resolution of 1/2o. Vertically, 46 z-levels are used, with partial cells in the bottom level
to better represent topography. A free-slip condition is used at the lateral boundaries.
INALT01 (Durgadoo et al., 2013) is an update of the AG01 configuration (Biastoch et al.,
2009a). It consists of a parent model identical to ORCA05, but includes a regional nest, ex-
tending from 70oW to 70oE and 50oS to 8oN at 1/10o horizontal resolution. Nest embedding
is accomplished using the AGRIF approach previously described. INALT01 is eddy-resolving,
promoting a realistic rendering of the greater Agulhas system. As in the basin-scale models,
surface fluxes for ORCA05 and INALT01 come from the CORE v.2b data set.
All four configurations undergo a primary, 30-year spin-up. In sensitivity experiments, an-
omalies, applied at every time-step, are linearly ramped in over year 31. After an anomaly
spin-period (year 32-40), during which the experiments reach a steady state, the 5-daily output
from years 41 to 60 are analysed.
5.3.4 Variable boundary condition experiments
To test the sensitivity to the large-scale dynamics at the open boundaries a secondary set of
experiments is performed with variable boundary conditions. In this case the ORCA05 OGCM is
re-run from years 1-60, but with the ±40% anomaly applied. Three sets of boundary conditions
are drawn from climatologies of 41-60 of these experiments (ORCA05p40 and ORCA05m40),
Experiment Forcing/Anomaly Boundary Conditions Analysis Period
ORCA05r CNY Not applicable 41-60
ORCAp40 CNY+40% ztws Not applicable 41-60
ORCAp20 CNY+20% ztws Not applicable 41-60
ORCAm20 CNY-20% ztws Not applicable 41-60
ORCAm40 CNY-40% ztws Not applicable 41-60
AGIOr CNY ORCA05 mon. clim. 41-60
AGIOp40 CNY+40% ztws ORCA05 mon. clim. 41-60
AGIOp20 CNY+20% ztws ORCA05 mon. clim. 41-60
AGIOm20 CNY-20% ztws ORCA05 mon. clim. 41-60
AGIOm40 CNY-40% ztws ORCA05 mon. clim. 41-60
AGBCr CNY ORCA05r mon. clim. (41-60) 21-40
AGBCp40 CNY+40% ztws ORCAp40 mon. clim. (41-60) 21-40
AGBCm40 CNY-40% ztws ORCAm40 mon. clim. (41-60) 21-40
INALT01r CNY Not applicable 41-60
INALT01p40 CNY+40% ztws Not applicable 41-60
INALT01m40 CNY-40% ztws Not applicable 41-60
ARC112r CNY ORCA05 mon. clim. 41-60
ARC112p40 CNY+40% ztws ORCA05 mon. clim. 41-60
ARC112m40 CNY-40% ztws ORCA05 mon. clim. 41-60
Table 5.1: Summary of sensitivity experiments performed and the changes applied to the zonal trade
wind stress (ztws). CNY refers to the Core v.2b normal year forcing fields, CI to the analogous 1948-
2007 annually varying fields (Large and Yeager, 2009). Unless otherwise specified, the ORCA05 monthly
climatology (mon. clim.) is based on years 1-60 of the reference run.
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and are referred to by the AGBC prefix in Table 5.1. Here, the appropriate trade wind anomaly
is applied at initialisation and analysis is performed after a 20 year spin period.
5.4 Agulhas leakage quantification
As discussed in Chapter 4, quantifying Agulhas leakage in the turbulent Cape Basin is challen-
ging. Here, to allow comparison with the OGCM configurations, a Lagrangian approach is also
used. However, in the case of the regional models, this is compared with Eulerian passive tracer
fluxes. An in-depth description of these two approaches is presented in chapter 4.
5.5 Basin-scale circulation changes
The large-scale circulation shows well established tropical and subtropical gyres in both models,
with barotropic transports of -20 Sv and 80 Sv in ARC112r (Fig. 5.2a). Away from the western
boundary, gyre transports compare well with theoretical values from Sverdrup theory. Discrep-
ancies between barotropic and Sverdrup transports are attributed to the influx of v20 Sv via
the ITF, evident in the streamlines entering the domain north of Australia. The simulated ITF
is slightly stronger than the 16 Sv observed (Godfrey, 1989).
In both AGIO and ARC112, transport contributions from the source regions reach a con-
fluence in the northern Agulhas Current, forming a coherent western boundary flow at 26oS.
Barotropic transport contours show most of this flow reaching the retroflection. ARC112r has
slightly increased in upstream recirculation compared to its interannual counterpart (Fig. 3.16b).
The incoherent transport path between the South Atlantic and Indian Ocean basins reflects the
expression of Agulhas leakage via rings. The southern branch of the supergyre is clear in the
(arbitrary) zero-transport line spanning the domain. South of this line, eastward transport
indicates the Antarctic Circumpolar Current (ACC).
Between the equator and 15oS, strengthening trade winds produce a more negative wind
stress curl value (Fig. 5.1c). The associated increase in cyclonic vorticity input produces a
stronger tropical gyre in all models, evident in the barotropic transports of ARC112 (Fig. 5.2b
& c). Augmented circulation is expressed in faster flow at 100 m in the South Equatorial Current
(SEC), North East Madagascar Current (NEMC), East African Coastal Current (EACC) and
South Equatorial Counter Current (SECC) (Fig. 5.2c). A symmetrical response is seen when
the trade winds weaken (Fig. 5.2b).
South of 15oS, increased positive wind stress curl drives an intensification in the anticyclonic
transport of the subtropical gyre in all four configurations (Fig. 5.2b). The converse is seen
in Fig. 5.2c. Strong circulation anomalies, associated with changes in the SEMC, arise to the
east and south of Madagascar, between 26oS and 30oS, where changes in the wind-stress curl
are most pronounced and changes in the input of anticyclonic vorticity are greatest (Fig. 5.1c).
Anomalies in gyre transport become less intense south of 32.5oS as imposed changes in wind
stress curl are confined to latitudes north of this.
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Figure 5.2: Panel (a) shows the annual mean barotropic transport for the ARC112r simulation in black
contours. Shading shows the Sverdrup transport, derived from the wind field for the same simulation,
with ψ=0 at the eastern boundary. Barotropic transports across the black transects are shown in Table
5.2. Contours showing the mean barotropic transport function overlaid on anomalies in speed at 100 m,
shown in colour and vector, for (b) ARC112m40 and (c) ARC112p40 respectively.
At the southern tip of Madagascar, the SEMC extends in two modes (Siedler et al., 2009).
The southern mode retroflects, connecting the SEMC to the transient, eastward-flowing, South
Indian Counter Current (SICC) through eddies and ejecting the remainder westwards (Siedler
et al., 2006, 2009). Under intensified trade winds, increased transport and speed between Mada-
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Configuration MZC ∆MZC SEMC ∆SEMC AC32 ∆AC32
ARC112m40 22.7 -2.5 18.2 -6.5 61.7 -8
ARC112r 25.2 — 24.7 — 69.7 —
ARC112p40 27.4 +2.2 30.1 +5.4 79.0 9.3
Table 5.2: Mean barotropic transports (in Sv) for the source regions for ARC112 sensitivity experiments.
Extraction transects are shown in Fig. 5.2.
gascar and the African coast at 27oS (Fig. 5.2c) suggest an increase in the proportion of ejected
waters in all configurations. Consequently, contributions to the SICC decrease, producing neg-
ative speed and transport anomalies offshore of Madagascar at 27oS.
In all cases, source region transports increase with subtropical gyre strength (Table 5.2).
The SEMC shows a near linear response to changes in wind stress curl, consistent with estim-
ates derived from Sverdrup theory (Fig. 5.2). Linear circulation changes in the MZC are less
pronounced due to the bifurcation of the NEMC at the African coast, the edding nature of the
flow and the smaller change in wind stress curl at 13oS (compared to 27oS).
Throughout, stronger source region transports are reflected at the western boundary, where
transport and speed increase as increased wind stress curl (Fig. 5.2b & c, Table 5.2). This
response is discussed in section 5.7. In all simulations, a strengthening Agulhas Return Current
accompanied stronger WBC flow (Fig. 5.2c). However, the anomaly signal becomes convoluted
downstream as the return current sheds transport (Boebel et al., 2003b). None of the sensitivity
experiments show any changes in return current speed or transport east of 85oE, suggesting that
adjustment to the wind changes predominantly occurs within the Indian Ocean basin.
The barotropic transport of the south east Atlantic Ocean remains largely unchanged in
ARC112r and AGIO. Further, changes in current speed are minimal outside of the Cape Basin.
There is no significant change in either the barotropic transport or speed of the ACC in any
simulation (Fig. 5.2).
5.6 Mesoscale variability
The SEMC, MZC and retroflection regions are characterised by pronounced mesoscale variab-
ility (Fig. 3.16). Anomalies in mean (MKE) and eddy kinetic energy (EKE) for the ARC112
sensitivity experiments are shown in Fig. 5.3 and Table 5.3.
The Agulhas source regions show a near-linear transport response to increased wind stress
curl (Table 5.2). North of Madagascar, this translates to a symmetrical response in MKE, with
increased transport associated with large positive anomalies in the NEMC (Fig. 5.3a). As a
consequence of the predominantly eddy-driven flow, MKE in the MZC remains small in ARC112.
Increased (decreased) variability in the northern channel and Comoros gyre occurs concurrent
with stronger (weaker) winds in both eddy-resolving configurations, due to the increased (de-
creased) barotropic instability associated with modified SEC transport (Biastoch and Krauss,
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Figure 5.3: Mean kinetic energy anomalies for (a) ARC112p40 and (b) ARC112m40. Eddy kinetic
energy anomalies for (c) ARC112p40 and (d) ARC112m40. Black contours follow the ±10, 100 and 1000
cm2s-2 isolines. The light grey black box delineates the ARC112 nest boundary. Area means for the black
boxes spanning the Mozambique Channel, South East Madagascar Current and retroflection regions in
panel (a) are given in Table 5.3.
1999; Backeberg and Reason, 2010). In contrast, the southern channel and northern Agulhas
show negative EKE anomalies when winds intensify, possibly attributable to the eddies ejec-
ted from the SEMC (Quartly and Srokosz, 2004), or increased incorporation of variability into
the mean Agulhas. The patterns expressed under intensified winds are consistent with those
observed by Backeberg et al. (2012).
East of Madagascar, the SEMC shows strongly positive (negative) MKE anomalies at
stronger (weaker) winds. Offshore, anomalies of opposite polarity at 28oS are consistent with re-
duced (increased) transport changes in the SICC, a consequence of the SEMC circulation changes
noted previously. However, the net effect in SEMC MKE is minimal (Table 5.3). Weaker SEMC
retroflections are associated with increased eddy production, evident in positive EKE anomalies
between Madagascar and the African Coast, and reduced eddy variability in the SICC (Table
5.3).
Flow in the stable northern Agulhas, North of 32oS, is more confined to the mean under
intensified winds, evident in the positive MKE and negative EKE anomalies seen here. Further
south, where flow becomes more turbulent, large positive anomalies suggest a more variable
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Configuration MZCEKE/MKE SEMCEKE/MKE RETROEKE/MKE
ARC112m40 561/398 249/100 1177/330
ARC112r 616/493 234/114 1391/333
ARC112p40 699/503 191/100 1541/344
OBSERVED 521/207 421/64 928/175
Table 5.3: Kinetic energy values (in cm2 s-2) calculated from 5-daily ARC112 sea-surface height fields
from across the retroflection (RETRO), Mozambique Channel (MZC) and South East Madagascar Cur-
rent (SEMC) boxes shown in Fig. 5.6. Observed values for eddy (EKE) and mean (MKE) kinetic energies
are calculated from 7-day AVISO altimetry products for the 1992-2007 period.
Agulhas enters the retroflection region at increased transport (Fig. 5.3a & c). In the case of
weaker winds, the offshore Agulhas shows a pronounced decrease in MKE and EKE, consistent
with the upstream recirculation shown in Fig. 5.2b.
Mean kinetic energy (MKE) is representative of the mean current path. In the mean kinetic
anomalies shown in Fig. 5.3a and Fig. 5.3b for the ARC112p40 and ARC112m40 experiments,
respectively, there are notable anomalies inshore of the Agulhas Current south of 35oS. In the
case of the ARC112p40 experiment (Fig. 5.3a), the negative inshore anomaly, and positive
offshore anomaly is indicative of a stronger current that occurs further offshore, consistent with
a more meridional coastal separation. The opposite case is evident for the ARC112m40 case
(Fig. 5.3b). Here the mean flow of the Agulhas Current appears stronger inshore, even though
offshore and upstream flow decreases, This may be indicative of a weakened separation.
The retroflection and Cape Basin show large changes in EKE and MKE. Positive anomalies
associated with stronger trade winds, which suggests increases in retroflection turbulence and
potential changes in Agulhas ring formation. Positive anomalies in Agulhas Current MKE and
retroflection EKE are reflected in the return current, consistent with the changes in speed and
transport that were noted previously (Fig. 5.2c). Despite this, South Atlantic anomalies are
low across all models (O10 cm2s-2) outside of the Cape Basin.
5.7 Western boundary responses
Linear Sverdup theory implies that changes in wind stress curl modulate vorticity input, and
should be reflected in WBC transport. Fig. 5.4 compares WBC transports derived from the
Sverdrup relationship, with barotropic transports from AGIO and ARC112. As expected, Sver-
drup transport increases with latitude between 20oS and 35oS (Fig. 5.4a), a consequence of
increasing wind stress curl. Applying the ±40% anomalies produces a corresponding change
in implied poleward transport north of 32.5oS. South of this, where no anomaly is applied,
transport returns to the reference value. East of Madagascar, barotropic transports in AGIO
and ARC112 (Fig. 5.4b & c, respectively) follow a similar pattern, showing an accumulation of
poleward volume flux. Bar plots (Fig. 5.4, right) show the relative contributions of vorticity
terms (as described in section 2.5.2), vertically integrated over the top 1000 m, and zonally
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Figure 5.4: Changes in western boundary transport with latitude derived from a) the Sverdrup relation,
and barotropic transport functions for b) AGIO and c) ARC112. Blue, black and red lines represent the
-40%, reference and +40% experiments. Barotropic transport values are calculated as the difference
between the maximum stream function value within 250 km of the 500 m isobath and the coastal value.
The grey lines show the analogous quantities from the 1948-2007 interannual experiments, with the
grey envelope showing the annual standard deviation. Relative importance of the zonally and vertically
integrated vorticity balance terms are shown in the bars on the right for selected latitudes. From left
to right: BETAV, VMIX, ADV, VSTR, HMIX. Bar colours correspond to the associated sensitivity
experiment (blue ARC112m40, black ARC112r, red ARC112p40). Grey diamonds indicate near zero
terms.
integrated across the Indian Ocean. East of Madagascar (equatorward of 26oS), the BETAV
and VMIX bars almost balance in all experiments, indicating a Sverdrup balance between wind
stress curl and planetary vorticity. Low horizontal viscosity is reflected in the small HMIX values
throughout.
South of Madagascar (26oS), advection of ITF waters through the MZC disrupts the Sverdrup
balance. Advection is compensated by vortex stretching between 28oS and 30oS. However,
barotropic anomalies of ±10 Sv in AGIO and ARC112 are low compared with ±17 Sv dictated
by theory, attributable to eddy-mean interaction at the boundary (Biastoch et al., 2009a).
Consequently, although barotropic transport shows a near-linear relationship with wind stress
curl, transport diverges from the theoretical estimates further south.
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Due to inertia, barotropic transports anomalies persist poleward south of 32oS (Fig. 5.4b &
c). This is reflected in the increased BETAV term, which is balanced by vortex stretching (and
advection in ARC112p40), rather than through VMIX, which remains at a near fixed value. At
34oS, ARC112p40 and ARC112r transports converge, suggesting a degree of readjustment. In
contrast, transport at weaker winds is greatly reduced. In AGIO, where upstream recirculation
occurs less frequently, the values do not converge.
5.8 Agulhas leakage sensitivity to Agulhas Current transport
Annual mean Lagrangian transport estimates for the Agulhas Current and leakage are sum-
marised in Fig. 5.5a. The results from the two OGCM configurations tested are included to
allow for direct comparison. Agulhas Current transport increases near-linearly with wind stress.
ORCA05/INALT01 show a ±3 Sv change. ARC112/AGIO show a larger ±8 Sv change, that
is reflected in the Eulerian transports (Fig. 5.5b). As Eulerian estimates capture equator- and
poleward velocity components, the Agulhas Undercurrent is sampled, producing lower transport
values.
While current response is consistent across the models, leakage response is not (Fig. 5.5a
& b). At lower resolution, ORCA05 shows an anti-correlation between the two transports .
Conversely, leakage in AGIO increases with wind stress (Fig. 5.5a & b, blue triangles). In
both cases, differences between mean leakage values exceed the reference annual mean standard
deviation (Table 5.4), suggesting that internal variability cannot account for the inter-experiment
changes. The correlation between current and leakage seen in AGIO is reflected in the passive
tracer fluxes. The offset in values is ascribed to the westward retroflection position, discussed
previously in chapters 3 and 4.
As resolution increases, leakage changes decrease and model behaviour converges (Table 5.4).
In ARC112 and INALT01, the models that most closely approximate observations (see Fig. 3.16,
Table 3.1 for ARC112), changes in upstream transport are associated with minimal changes in
leakage (squares and stars in Fig. 5.5a & b). Inter-experiment differences in leakage magnitude
fall within one standard deviation of the annual mean reference value, suggesting that differences
are well within the internal variability of the system. This ’decoupling’ is echoed in the passive
tracer values for ARC112 (Fig. 5.5b). Convergence of the two leakage quantification methods
suggests that Eulerian methods are valid when Indian Ocean waters are appropriately labelled
and that any loss of Lagrangian precision is small.
Stronger Agulhas Current transports are reflected in higher volume flux in return current
and across the STF (Fig. 5.5c). Transports across the STFL and RCL sections increase with
wind stress in all cases, a result that is most pronounced in ARC112 where the largest changes
in western boundary transport occur. Although ARC112 shows a higher transport across the
STF than expected (v7.5 Sv), only 6.7% of these floats cross west of 10oE, and no substantial
under-sampling of the leakage occurs. This assertion is supported by the agreement between the
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Figure 5.5: Changes in Agulhas Current transport and leakage magnitude with trade wind stress.
Annual mean estimates derived from (a) Lagrangian flux (all models) and (b) Eulerian passive tracer
flux (for basin-scale configurations). Blue and red values correspond to the Agulhas leakage and Agulhas
Current, respectively. Panel (c) show the sum of the Lagrangian transport estimates for the Agulhas
Return Current and across the Subtropical Front. Panels (d) and (e) compare the Eulerian transport
anomalies for the Agulhas Current and leakage for the AGIO sensitivity experiments with the transport
anomalies from the variable boundary AGBC experiments (described in Table 5.1). The delta values
show the change on Agulhas leakage for each series (see Table 5.4).
Configuration Resolution ∆AC STD(ACref ) ∆AL STD(ALref ) |∆AL/∆AC|
ORCA05L 1/2o 6.2 Sv 1.2 Sv -1.9 Sv 1.7 Sv 0.31
AGIOL 1/4o 15.0 Sv 2.4 Sv 3.7 Sv 1.8 Sv 0.25
AGIOE 1/4o 15.1 Sv 2.7 Sv 2.9 Sv 1.5 Sv 0.20
AGBCE 1/4o 10.8 Sv 2.3 Sv -1.4 Sv 1.5 Sv 0.13
INALT01L 1/10o 6.2 Sv 1.8 Sv 0.3 Sv 1.9 Sv 0.05
ARC112L 1/12o 16.3 Sv 2.9 Sv 1.3 Sv 1.8 Sv 0.08
ARC112E 1/12o 12.6 Sv 3.8 Sv 0.9 Sv 1.8 Sv 0.07
Table 5.4: Summary of the changes in Agulhas Current (∆AC) and Agulhas leakage (∆AL) across the
sensitivity experiments. Subscripts L and E refer to the Lagrangian and Eulerian flux estimates shown
in Fig. 5.4. Standard deviations are given for the reference experiment, bold values indicate where this
exceeds ∆AL (no significant change). The right hand column shows the sensitivity of the leakage to
changes in the Agulhas Current transport.
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Eulerian and Lagrangian leakage estimates. Rather, it is likely that the STF section captures
some of the return current transport when meanders occur far to the south (Fig. 3.18b).
Here, the focus is on the Agulhas response to local and basin-scale processes within the
Indian Ocean. However, (Durgadoo et al., 2013) show that the large-scale can also play a role
in determining retroflection behaviour, via adjustment of the ACC. To test for any large scale
control over the relationship described above, a second set of AGIO experiments are performed
using boundary conditions derived from ORCA05m40 and ORCA05p40 experiments (see Table
5.1: AGBC).
Fig. 5.5 d & e compare the transport anomalies seen in the AGIO and AGBC sensitivity
experiments. In the latter case, the leakage response to changes in upstream inertia is further
reduced (Table 5.4). This suggests that climatological boundary conditions used may cause
AGIO to overestimate the link between WBC transport and leakage. This result is consistent
with a suggested decoupling. Further, as ARC112 shows only minimal leakage sensitivity, it
seems unlikely that boundary condition changes would modify this result.
5.9 Retroflection position
Using the methodology described in section 3.2.9, retroflection positions were derived from the
SSH fields for the AGIO and ARC112 sensitivity experiments. These are shown in Fig. 5.6. Note
that this methodology returns an observed pattern consistent with Dencausse et al. (2010b); an
approximately Gaussian distribution centred around 18.5oE (Fig. 5.6 grey bars).
Applying this method to AGIOr and ARC112r (Fig. 5.6 black traces), it is clear that the
former has a more prograded retroflection than that observed, with the westward skewed distri-
bution eroding the upstream maximum. In contrast, ARC112r has a defined symmetrical peak
at 15oE, about which the distribution is well constrained, more closely resembling observations.
Although ARC112r and AGIOr reference states clearly differ, Agulhas transport modula-
tion does not drive substantial changes in retroflection distribution in either case. Standard
deviations, similar in both models, remain broadly consistent throughout, and, in AGIO, no
shift in mean is apparent. In ARC112, increased (decreased) WBC transport makes upstream
recirculation events +4% (-2%) more (less) likely, expressed in the higher (lower) peak at 22oS
(Fig. 5.6b). A 1o eastward shift in ARC112p40 mean position is attributable to this effect.
However, retroflections predominantly still occur around 15oE throughout, with no longitud-
inal shift in the dominant peak (Fig. 5.6b). Sporadically, large perturbations in the observed
Agulhas Current produce extreme retroflection events (van Aken et al., 2013). While upstream
recirculations occur in all ARC112 experiments, extreme events (east of 24oE) are rare, and
absent from ARC112m40, causing the large negative anomaly in 100 m speed near v35oS seen
in Fig. 5.2b.
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Figure 5.6: Probability distribution of retroflection longitudes for (a) AGIO and (b) ARC112 sensitivity
experiments. The 1992-2007 retroflection position distribution for observed values derived from AVISO
altimetry are shown in the grey bars. Coloured horizontal bars show the mean and standard deviation
of the distribution for each sensitivity experiment.
5.10 Retroflection vorticity
Following the same approach as used to produce Fig. 2.17 in section 2.5.2, it is possible to
compare the balance of vorticity terms in the ARC112 sensitivity experiments, as shown in
Fig. 5.7. It is clear that the increased meridional transport of the current is reflected in the
stronger β term in the ARC112p40 case (Fig. 5.7b). However, at increased transport there is
a notable break in the β term contours east of the Agulhas Bank at 23oE. Further, BETAV
appears stronger in the Agulhas Return Current meanders, echoing the increased meridional
transport in the first meanders.
The HMIX term represents horizontal viscosity, and arises as a result of the Smagorinsky
parameterisation (Smagorinsky, 1963) used at the western boundary. While the term remains
small throughout, a reduction in the HMIX to the east of the Agulhas Bank in the ARC112p40
case reflects the movement of the current away from the shore at increased inertia. This increased
inertial overshoot is also expressed through the stronger positive HMIX pattern inshore of the
current at the shelf break. In the ARC112m40 experiment, the current does not overshoot the
shelf break at 35oS, and takes a more coastal path. This change of current path echoes the
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Figure 5.7: Depth integrated vorticity balance terms for the top 300 m of ARC112r, derived via Eq.
2.32 to Eq. 2.34. Columns a through c show the fields for the ARC112r, ARC112p40 and ARC112m40
experiments. BETA, HMIX and ADV and VSTR are contoured at 4x10-12 s-2 intervals. Negative
(positive) vorticity regions are contoured in grey (black) and shaded blue (purple).
previously noted patterns in the MKE, discussed in section 5.6. However, despite an increased
overshoot in ARC112p40, there is an interaction with topography at the tip of the Agulhas
Bank in all experiments, evident in the HMIX and BETAV patterns throughout Fig. 2.17. This
implies that the increased Agulhas Current inertia acquired from stronger trade winds, is not
sufficient to modify the retroflection path to such an extent that it is unable to avoid the Agulhas
Bank.
From the vorticity balance, it is clear that the retroflection is predominantly governed by ad-
vection (ADV) and vortex stretching (VSTR), with the β-effect playing a small role in the return
current meanders. Notably, the vortex stretching and advection terms along 40oS strengthen
at increased inertia, representative of increased return current flow when the Agulhas Current
transport is high. Well defined VSTR and ADV patterns around the Agulhas Plateau at 26oE
strengthen with current transport, indicating a potentially strong topographical control down-
stream of the retroflection (Matano, 1996; Speich et al., 2006).
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Figure 5.8: Spatial distribution of depth integrated (a) barotropic (BT) and (b) baroclinic (BC) in-
stability in the top 1000 m of the ARC112r experiment, inferred from the kinetic and potential en-
ergy conversion terms. The black, red and blue contours track the 20-year mean retroflection positions
for ARC112r, ARC112m40 and ARC112p40 experiments. Grey contours show the 400 m and 3000 m
isobaths. The values of the BC and BT terms, integrated across the upstream (Up) and downstream
(Down) boxes, are summarised in panel (c).
5.11 Ring formation processes
Agulhas rings, the mechanism via which most leakage occurs, form at the retroflection due to
mixed barotropic (BT) and baroclinic (BC) instability (Chassignet and Boudra, 1988). Indicat-
ors for BT and BC can be derived from the potential (5.1) and kinetic energy (5.2) conversion
terms, which are integrated over the top 1000 m (Biastoch and Krauss, 1999; Tsugawa and
Hasumi, 2010). Primed values represent anomalies from the 5-daily mean horizontal velocities
ū/v̄ and potential density ρ̄. The horizontal average of the potential density across the domain,























The spatial changes in barotropic and baroclinic instability in the retroflcetion region are
summarised in Fig. 5.8. Barotropic instability characterises much of the region bounded by the
ARC112r retroflection (Fig. 5.8a). The shelf break, Agulhas Bank and retroflection extremity,
the likely site of ring formation, show an increased propensity for eddy generation, reflected
in high BT and BC values (Fig. 5.8b). Spatially integrated values (Fig. 5.8c) show that
increased inertia drives increased instability in the upstream current around the shelf break,
consistent with with the large EKE changes here (Fig. 5.3). Downstream, baroclinic instability
increases, but barotropic changes are smaller, suggesting that ring formation may not be as
heavily impacted. Notably, downstream values are lower at reduced wind stress, despite inertial
theory suggesting a stronger leakage in this case. Increases in upstream BT are echoed by large
negative anomalies in the return current, suggesting that eddies are increasingly incorporated
into the mean flow here when flow strengthens.
5.12 Discussion
Sverdrup dynamics dictate that, to the first order, western boundary transport is determined
by the zonally integrated wind-stress curl across an ocean basin. However, the results presented
here show that, although the Agulhas Current responds linearly to wind stress north of 32.5oS,
the magnitude of the response differs from Sverdrup estimates. Biastoch et al. (2009b) previ-
ously noted this discrepancy, ascribing it to topographical shielding (Matano et al., 2002) and
eddy-mean interactions (Biastoch et al., 2009a). Here, expanding on this, demonstrating that
on decadal timescales, transport anomalies generated by upstream trade wind variability can
propagate southward under the influence of western boundary inertia, reaching the retroflection
despite no direct wind forcing here. Consequently, although intensified trade winds may result
in a stronger Agulhas Current, the exact response cannot be directly inferred Biastoch et al.
(2009b), emphasising the need for direct monitoring (Beal et al., 2009).
Model behaviour in turbulent regions, is highly sensitive to numerical choices and horizontal
resolution (Backeberg et al., 2009; Barnier et al., 2006; Dijkstra and de Ruijter, 2001). For
robustness, the dynamical link between the Agulhas Current and leakage is investigated using
two model platforms; ROMS and NEMO. While model behavior differs at lower resolution (eddy-
permitting and below), the sensitivity of the Agulhas leakage to incoming transport invariably
decreases as resolution becomes finer. In the eddy-resolving regime the models converge, and
the two configurations (ARC112 and INALT01) present a common response; one where trade
wind driven Agulhas Current variability, has no significant effect on the leakage.
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The Agulhas retroflection mediates the division of the Agulhas Current into the eastward
return current and westward leakage components; the latter being of primary climatic interest
(de Ruijter et al., 1999a; Beal et al., 2011). Key to retroflection dynamics is the balance between
viscosity and inertia (Dijkstra and de Ruijter, 2001). Low Ekman numbers and HMIX terms
imply inertially governed retroflections in both AGIO and ARC112 and the derived vorticity
balance for the latter shows a pattern consistent with Boudra and Chassignet (1988); specifically,
an inertial overshoot associated with inshore isopycnal doming, and a retroflection governed by
relative vorticity advection and vortex stretching. However, in the simulations performed here,
a stronger inertial overshoot does not result in the earlier retroflection suggested by Ou and de
Ruijter (1986), due to continued topographical interaction with the Agulhas Bank and Agulhas
Plateau. Subsequently, upstream changes in inertia are reflected in the stronger vortex stretching
and advection terms in the first meander of the return current; symptomatic of the increased
transport here.
Control of the retroflection position by bathymetry has been noted both in previous numerical
model studies (Matano, 1996; Speich et al., 2006) and observations (Dencausse et al., 2010b).
In AGIO, substantial smoothing of this bathymetry is shown to reduce the angle of the shelf
break and the prominence of the Agulhas Bank. This minimises the propensity for inertial
overshoot and permits an overly westward retroflection and an enhanced leakage. However,
a comparative immobile retroflection position, as seen in ARC112, is consistent with modern
observations, which show that, excepting the 2001 extreme event, it has remained remarkably
stable since 1992 (Dencausse et al., 2010b; Backeberg et al., 2012). Further support comes from
palaeoceanographic studies that suggest Last Glacial Maximum retroflection longitudes near to
the present position (Franzese et al., 2009).
Chassignet and Boudra (1988) show that ring formation occurs through mixed barotropic-
baroclinic instability. Tsugawa and Hasumi (2010) suggest that barotropic instability may drive
increased Agulhas variability, through Natal Pulses. A similar upstream response is noted here,
when inertia is higher. While Biastoch and Krauss (1999) find that the retroflection is governed
by baroclinic instability, it is the transfer of mean to kinetic energy (BT) that appears key
to ring formation Chassignet and Boudra (1988). Here, BT is found this to be near constant
in the retroflection loop, and increased upstream eddy production, reflected in regional EKE
anomalies, is incorporated back into the mean in the return current.
The semi-continuous subtropical front is not a barrier to southward flux (Dencausse et al.,
2011). Le Bars et al. (2012) identify a turbulent retroflection regime, where leakage is asymp-
totically limited by increased cross frontal mixing in the return current. Under intensified trade
winds a stronger southward flux at the retroflection is seen, along with greatly increased EKE
along the subtropical front. While these experiments differ from Le Bars et al. (2012), as the
westerly winds are not modified, these results suggest the possibility of inertially driven increases
in southward export of Indian Ocean waters.
Two recent hindcast studies have explored the long-term behavior of the Agulhas system
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(Biastoch et al., 2009b; Rouault et al., 2009). While they agree on a leakage increase since
the 1980s, they record respective negative and positive trends in Agulhas Current transport. It
has been argued that the anti-correlation seen by Biastoch et al. (2009b) is causal (van Sebille
et al., 2009b). However, the results presented here suggest that this may not be the case. The
AGIO model used here is similar to the Rouault et al. (2009) SAfE configuration. However,
the interannual forcing applied (Table 5.1, subscript i) is consistent with that used to force the
AG01 model presented in Biastoch et al. (2009b). Under this forcing, both the models discussed
here show long term trends consistent with AG01. However, physically, AGIOi differs little from
SAfE, suggesting that the differing trends seen between Rouault et al. (2009) and Biastoch et al.
(2009b) may be attributable to the choice of forcing and/or boundary conditions.
Recent intensification of the westerly winds has been documented in observations and coupled
models Swart and Fyfe (2012). Durgadoo et al. (2013) find that the leakage responds strongly to
intensified westerlies, increasing in magnitude despite no immediate change in Agulhas transport
at 32oS (a consistent result, included in the Durgadoo et al. (2013) study, is presented in chapter
6). Here, a complementary result is shown; Agulhas Current transport responds strongly to trade
wind intensity, with minimal change in leakage. Having established a mechanism by which the
two systems can vary independently, it is suggested that, while correlations between them may
exist in the short term, they may not be indicative of a reliable dynamical connection. Rather
they arise with changes in both trades and westerlies part of the larger atmospheric circulation.
Observations and reanalysis products suggest that Indian Ocean winds are intensifying (Han
et al., 2010; Gillett and Thompson, 2003; Swart and Fyfe, 2012), producing an attendant re-
sponse in Agulhas mesoscale variability (Backeberg et al., 2012). Comparing the kinetic energy
anomalies for ARC112p40 with observed trends (Backeberg et al., 2012) yields clear similarities.
A common increase in EKE and MKE in the NEMC, the increased (decreased) EKE in the
north (south) of the MZC, and a mean intensification in the northern Agulhas Current, suggests
that the observed responses are dynamically attributable to trade wind intensification. South
of 25oS, the applied anomalies do not match the observed trend and it is therefore unsurprising
that the variability observed here is not well represented.
Although coherent in its southern reaches, the Agulhas Current carries the imprint of meso-
scale variability generated around Madagascar. Multiple studies have linked eddy generation in
the MZC and SEMC to Agulhas Ring formation (Penven et al., 2006c; Schouten et al., 2002a).
Here, pronounced changes are induced in source region EKE, and it is surprising to find that
the leakage is minimally effected. However, in idealised studies, Pichevin et al. (1999) show that
upstream current meanders have no influence on ring generation, a result consistent with the
observed discrepancy between of ring formation, 5±1 year-1 (Schouten et al., 2002a), and Natal
Pulse rates, 1.6 year-1 (Rouault and Penven, 2011). Similarly, upstream transport pulses may
accelerate ring generation, but do not impact ring formation rates (Pichevin et al., 1999). Fur-
ther, OGCM experiments confirm that excluding source region variability from eddy-resolving
models effects ring path and timing, but does not produce a change in leakage (Biastoch et al.,
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2008c).
As observations show an increase in retroflection turbulence since 1993, and hindcast experi-
ments showing a recent increase in Agulhas leakage, it has been suggested that altimetry derived
EKE may be used as a proxy for inter-basin flux (Backeberg et al., 2012). However, Durgadoo
et al. (2013) show cases where increased turbulence is associated with decreased inter-basin flux,
and here it is shown that changes in EKE do not mandate any leakage change, suggesting that
the two quantities do not have an obvious relationship.
The ACT array (Beal et al., 2009) is designed to produce a hydrographic record of the Agul-
has Current that can be used to calibrate a co-incident altimetry track for long term monitoring.
Due to the inferred anti-correlation between current transport and leakage (van Sebille et al.,
2009b), it has been suggested that ACT may provide a proxy for the latter (van Sebille et al.,
2010a). This is an attractive proposition, as annual estimates for the leakage are hard to derive
from in situ observations. In reality, it is unlikely that the trade and westerly winds will vary in-
dependently, as both are part of the large-scale climate system. However, the apparent freedom
with which the Agulhas Current can change, with little downstream consequence necessitates
treating any correlation with a degree of skepticism. In this regard, the ACT array becomes
necessary in establishing a long-term Agulhas Current times series, but efforts towards direct
monitoring of the Agulhas leakage remain essential.
5.13 Conclusions
Four model configurations, of varying resolution, have been used to quantify the response of the
Agulhas leakage to changes in the Agulhas Current, driven by changes in the wind stress north
of 32.5oS. This response has been investigated using complementary methodologies based on
Lagrangian virtual floats and Eulerian passive tracer flux. It is show that an intensification of
the trade winds drives a stronger flow in both the tropical and sub-tropical gyres. This is reflected
in the transport and in the Agulhas source regions, and modification of the eddy variability in
MZC and SEMC. The combined contributions from the source regions produce Agulhas Current
transport anomalies at 32oS, which persisting into the retroflection under inertia.
Changes in Agulhas Current transport are shown to have a diminishing influence on the
Agulhas leakage as resolution increases. In the eddy-resolving case, model behavior converges
and, on a multi-decadal timescale, annual mean changes in the Agulhas Current exceeding
±8 Sv elicit no significant change in leakage magnitude. This behaviour is confirmed through
complementary Eulerian and Lagrangian leakage quantification methods, which converge as
retroflection position improves.
Trade wind stress anomalies imposed in the sensitivity experiments induce a variability
greater than twice the annual standard deviation seen in the 1948-2007 CORE v.2b reanalysis
winds. From this, it is concluded that, during this period, modification of the mean transport
of the Agulhas Current by the trade winds has minimal effect on the annual mean inter-basin
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flux. Rather, it is more likely that changes in the magnitude of the leakage are predominantly
the result of modulation of the wind stress curl in the latitude of the westerly winds. This is
discussed in chapter 6 and in Durgadoo et al. (2013).
Previous hindcast experiments present a conflicting picture of the dynamical link between
the Agulhas Current and leakage (Biastoch et al., 2009b; Rouault et al., 2009; van Sebille
et al., 2009b). Under the interpretation presented here, these results can be reconciled. The
interannual experiments performed here show a common weakening in the Agulhas Current with
time. However, it is shown that variability in the trade winds can give rise to a strengthening
or weakening of the Agulhas Current, with no consequence for the Agulhas leakage. As the
Agulhas leakage is driven by the westerly winds (Durgadoo et al., 2013), it is suggested that
these trends arise as a consequence of the forcing products used and that correlations between
upstream transport and Agulhas leakage may not be indicative of a dynamical link. While
observational arrays may be able to exploit these correlations, their potential transience should
be reconsidered.
Chapter 6
Southern hemisphere westerly wind
driven Agulhas leakage variability
6.1 Introduction
The Agulhas leakage represents a key climatic link between the Indian and Atlantic Oceans
(de Ruijter et al., 1999a), forming the northern branch of the ‘super-gyre’ connecting the sub-
tropical gyres of the two basins (Ridgway and Dunn, 2007) and influencing the strength of the
AMOC (Weijer et al., 2002). Motivated by changes in reanalysis winds between the equator and
32oS since 1993 (Backeberg et al., 2012, supplementary), chapter 5 focussed on how this link
responds to changes in trade wind strength. The magnitude of the Agulhas leakage was shown
to be minimally sensitive to changes in Agulhas Current inertia under these conditions, but the
sensitivity of the greater Agulhas system to the changes in the westerly wind pattern was not
addressed. However, this side of the problem was considered by Durgadoo et al. (2013), and this
chapter expands on the work conducted collaboratively and published therein, using the ROMS
regional model configurations discussed in chapters 2 and 3.
Observations and CMIP simulations show a recent strengthening (Swart and Fyfe, 2012)
and poleward migration (Thompson and Solomon, 2002) of the southern hemisphere westerlies
(SHW). Coupled climate simulations suggest that these responses are consistent with the loss of
stratospheric ozone (Gillett and Thompson, 2003), and are projected to continue under further
anthropogenic forcing. In the ocean, the primary response is an intensification of the super-gyre
connecting the subtropical Atlantic and Indian Ocean (Cai, 2006), where the Agulhas system
is embedded (Beal et al., 2011). Consequently, the westerly winds have been suggested to play
a key role in determining Agulhas leakage magnitude (de Ruijter et al., 1999a; Pichevin et al.,
1999; Le Bars et al., 2012; Durgadoo et al., 2013).
Dynamical arguments suggest that the equatorial migration of the westerly winds should
result in a decreased leakage, due to the enhanced inertial choking when the gateway between
the subtropical front and the coast of Africa is reduced (de Ruijter et al., 1999a). By the inverse
argument, the observed poleward shift in the SHW is expected to produce a larger leakage (ibid).
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However, numerical studies are less clear on the response to changes in westerly wind strength.
In a series of high-resolution baroclinic simulations, Le Bars et al. (2012) show an increase
in Agulhas leakage with the large-scale westerly wind stress, which reaches an asymptotic limit
where cross frontal mixing between the return current and STF becomes substantial. Conversely,
Nof et al. (2011) simulate cases where the momentum flux of the Agulhas Retroflection, a key
process by which rings form (Pichevin et al., 1999) is opposed by an increased wind stress,
nullifying ring formation and reducing leakage. As such, the combined effects of a poleward
migration and strengthening of the winds is hard to predict (Beal et al., 2011).
Hindcast simulations link a progressive poleward shift of the SHW in the last three decades
with a substantial increase in Agulhas leakage (Biastoch et al., 2009b; Rouault et al., 2009).
Biastoch and Böning (2013) extrapolated this link into the future, forcing a high-resolution
OGCM with a wind stress consistent with the projections of a coupled climate model. Here, a
further strengthening and poleward migration of the westerly winds produced an even stronger
leakage, suggesting a continued increase in inter-basin flux under anthropogenic forcing. How-
ever, it remains unclear as to whether the changes in leakage are attributable to the poleward
shift, or the continued strengthening, of the SHW.
Arguments for the control of the Agulhas leakage by shifts in the westerly winds come from
the palaeorecord. Converse to the modern case, substantial reductions in the Agulhas leakage
during glacial maxima (Peeters et al., 2004) may be related to a equatorward migration of the
subtropical front and the zero line of wind stress curl (Bard and Rickaby, 2009). Analysis of sed-
iment flux shows a reduced flux at the last glacial maximum (LGM) (Franzese et al., 2006), but
the retroflection position most likely mirrors the modern location (Franzese et al., 2009). Using
a coarse resolution coupled model, Sijp and England (2008) performed sensitivity experiments
shifting the SHW equatorward 6oS. They record a substantial decrease in the Agulhas leakage
in this case, accompanying a near severing of the super-gyre linking the subtropical Indian and
Atlantic. During glacial terminations, sudden pulses of Indian Ocean water are detected in the
South Atlantic (Peeters et al., 2004) and have been linked to the resumption of the AMOC
(Knorr and Lohmann, 2003). Intensifications and/or northward migrations of the SHW may
also enhance cross frontal mixing in the Agulhas Return Current, modifying the hydrography
of the South West Indian Ocean sub-gyre on a millennial scale (Simon et al., 2013).
Here, the response of the Agulhas system to changes in the SHW are investigated using the
AGIO regional model (presented in chapters 2 and 3). To separate the effects of SHW position
and strength, a suite of wind stress anomalies, analogous to those presented for the trade winds
in chapter 5, are independently applied across the model domain. The role of the ACC and the
effects of cross frontal mixing on the magnitude of the Agulhas leakage flux are also considered.
The results are compared with those derived from a similar set of experiments that have been
been performed with global coarse and eddy-resolving simulations, presented by Durgadoo et al.
(2013).
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6.2 Applying anomalies: Modifying westerly wind stress
The westerly winds are modified using the similar approach to that detailed in section 5.2. The
CORE v.2b reanalysis products suggest that since 1960, the zonal mean wind stress curl across
the Indian Ocean has increased by ∼25% between 35oS and 48oS. CMIP5 ensembles suggest
that this intensification will continue by a further 10% by the end of the 21st century (Swart
and Fyfe, 2012). To mirror these changes, anomalies have been devised to geometrically modify
westerly wind intensity by ±20% and ±40% south of 32oS (Fig. 6.1a - c). The anomalies are
applied across the model domain from 29oE to 115oW (Fig. 6.1d), and are linearly ramped in
using the approach described in the previous chapter. The zero line of wind stress curl remains
at the reference latitude throughout this set of experiments.
Models and observations offer no consensus on the strength and latitude of the SHW at
the LGM (Sime et al., 2013), however palaeo-data synthesis suggests that a strengthening and
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Figure 6.1: Zonal averages of, (a) zonal wind stress anomalies, (b) zonal wind stress and (c) zonal wind
stress curl for the westerly wind strength sensitivity experiments. No anomaly is applied north of the grey
dashed lines. The black line describes the 20-year mean climatological reference value. The grey shaded
area in (b) and (c) covers the annual standard deviation in the 1948-2007 wind stress curl extracted from
the AGIOi hindcast. The full extent of the AGIO domain is shown by the black box. Anomalies are
applied over the area shown in colour; AGIO-SHWm40 is shown in this case. The contours and vectors
show the magnitude and direction of the AGIOr wind stress.
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Figure 6.2: As in Fig. 6.1 but for the westerly wind shift experiments. The zero line of wind stress curl
is shifted equatorwards by 2o (NTH2) and 4o (NTH4). The integrated wind energy, shown in grey and
blue shading under the positive wind stress curl envelope in the sensitivity experiments, is within 2.5%
of the reference value, shown in grey shading.
1948, the CORE v.2b reanalysis product shows a poleward migration of the zero line of wind
stress curl of ∼2oS (Biastoch et al., 2009b), which may double under further anthropogenic
forcing (Biastoch and Böning, 2013). The southern boundary of the AGIO domain prevents the
imposition of anomalies that shift the westerly winds further southward as the zero line of wind
stress curl would fall outside of the domain. However, to investigate the response of the Agulhas
system under pseudo-glacial conditions, a second set of experiments is performed where the zero
line of wind stress curl across the AGIO domain is shifted equatorwards by 2o (NTH2) and 4o
(NTH4) (Fig. 6.2). During these experiments, the integrated wind energy in the positive wind
stress curl envelope remains within 2.5% of the reference value.
6.3 Experimental Summary
6.3.1 AGIO experiments
The AGIO westerly wind sensitivity experiments are presented in table 6.1. In addition to the
reference simulation, six sensitivity experiments are performed, independently modifying the
intensity of the westerly winds (AGIO-SHWxxx; Fig. 6.1), and the latitude of the zero line of
wind stress curl (AGIO-NTHx; Fig. 6.2). Boundary conditions for these sensitivity experiments
are drawn from a climatology of year 1 to 60 of the ORCA05 reference run.
6.3.2 Global model experiments
A similar set of westerly wind sensitivity experiments are performed using two global models,
the coarse resolution ORCA05 (Biastoch et al., 2008a) and eddy-resolving INALT01 (Durgadoo
et al., 2013) configurations. Both global models are forced with the same CORE v.2b surface
fields as AGIO and are described in section 5.3.3. In the case of the global models sensitivity
experiments (shown in table 6.1) circumpolar westerly wind anomalies are applied. As neither
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global model is constrained by a southern boundary, wind shift experiments where the zero line
of wind stress curl is shifted poleward are also performed.
6.3.3 Variable boundary condition experiments
Applying the circumpolar westerly wind anomalies in the global models is likely to result in
a concomitant response in the Antarctic Circumpolar Current (ACC) (Durgadoo et al., 2013).
In the AGIO-SHWxxx and AGIO-NTHx experiments, the ORCA05 climatological boundary
conditions are used, explicitly preventing any anomaly driven ACC variability at the domain
boundary. To assess the regional response of the Agulhas leakage to changes in the ACC,
three additional experiments are performed. In the AGIO-ACC series of experiments (Table
6.1), boundary conditions are drawn from a climatology of year 41-60 of the ORCA05 reference
run (AGIO-ACCr), ORCA-SHWp40 (AGIO-ACCp40) and ORCA-NTH4 (AGIO-ACCNTH4)
experiments. In each of these AGIO-ACC experiments, the appropriate, dynamically consistent
anomaly is applied. In this way the influence of any global ACC adjustment can be assessed.
Experiment Forcing/Anomaly Boundary Conditions Analysis Period
ORCA05r CNY Not applicable 41-60
ORCA-SHWp40 CNY+40% zwws Not applicable 41-60
ORCA-SHWp20 CNY+20% zwws Not applicable 41-60
ORCA-SHWm20 CNY-20% zwws Not applicable 41-60
ORCA-SHWm40 CNY-40% zwws Not applicable 41-60
ORCA-STH4 CNY-4oS zwws Not applicable 41-60
ORCA-STH2 CNY-2oS zwws Not applicable 41-60
ORCA-NTH2 CNY+2oN zwws Not applicable 41-60
ORCA-NTH4 CNY+4oN zwws Not applicable 41-60
AGIOr CNY ORCA05 mon. clim. 41-60
AGIO-SHWp40 CNY+40% zwws ORCA05 mon. clim. 41-60
AGIO-SHWp20 CNY+20% zwws ORCA05 mon. clim. 41-60
AGIO-SHWm20 CNY-20% zwws ORCA05 mon. clim. 41-60
AGIO-SHWm40 CNY-40% zwws ORCA05 mon. clim. 41-60
AGIO-NTH2 CNY+2oN zwws ORCA05 mon. clim. 41-60
AGIO-NTH4 CNY+4oN zwws ORCA05 mon. clim. 41-60
AGIO-ACCp40 CNY+40% zwws ORCA-SHWp40 (41-60) 21-40
AGIO-ACCNTH4 CNY+4oN zwws ORCA-NTH4 (41-60) 21-40
INALT01r CNY Not applicable 41-60
INALT01-SHWp40 CNY+40% zwws Not applicable 41-60
INALT01-SHWm40 CNY-40% zwws Not applicable 41-60
INALT01-STH2 CNY-2oS zwws Not applicable 41-60
INALT01-NTH4 CNY+4oN zwws Not applicable 41-60
Table 6.1: Summary of sensitivity experiments performed and the changes applied to the zonal westerly
wind stress (zwws). CNY refers to the Core v.2b normal year forcing fields, CI to the analogous 1948-
2007 annually varying fields (Large and Yeager, 2009). Unless otherwise specified, the ORCA05 monthly
climatology (mon. clim.) is based on years 1-60 of the reference run.
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Figure 6.3: Barotropic transport function for (a) AGIOr in colour and shading, and barotropic transport
function and transport anomaly for (b) AGIO-SHWm40 and (c) AGIO-SHWp40 in black contours and
shading respectively. Barotropic transport functions are contoured at 20 Sv intervals. The green line
shows the northern extent of the applied SHW anomaly.
6.4 Results
6.4.1 Equilibrium responses 1: westerly wind intensity
Imposing the westerly wind intensity anomalies induces a substantial change in the circulation
of the subtropical gyres of the South Indian and South Atlantic Ocean (Fig. 6.3). Decreased
positive wind stress curl associated with the SHWm40 anomaly results in a decrease in anticyc-
lonic circulation south of 32oS (Fig. 6.3b). This is most notably in the South West Indian Ocean
subgyre, where transport is reduced by up to 30 Sv in the south west extremity. As a result
of the large drop in zonal mean wind stress curl around 32oS in the SHWm40 case (Fig. 6.1c),
there is a small increase in the intensity of the anticyclonic circulation south of Madagascar
as the subgyre is displaced. Conversely, in the SHWp40 case, increased positive wind stress
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Figure 6.4: Changes in Agulhas Current transport and leakage magnitude with westerly wind stress,
assessed in AGIO and two global models; ORCA05 and INALT01. Annual mean estimates derived from
(a) Lagrangian flux (all models) and (b) Eulerian passive tracer flux for AGIO. Blue and red values
correspond to the Agulhas leakage and Agulhas Current, respectively. The green triangles show the
Lagrangian Agulhas Current flux as measured at 30oS across the sensitivity experiments. The grey
triangles show the leakage value in the AGIO-ACCp40 experiment, the Agulhas Current matches the
AGIO-SHWp40 value in this case. Thin blue-dotted lines highlight the nonlinearity in the global model
leakage response.
curl drives a intensification and small northward expansion of the subtropical gyre (Fig. 6.3c).
Circulation in the Indian Ocean remains largely unaffected north of 30oS, and flux through the
Mozambique Channel and via the SEMC remain at a near constant value throughout. Changes
in the intensity of the Indian Ocean subtropical gyre are echoed in the South Atlantic Ocean,
suggesting a associated modulation of the Agulhas leakage and the supergyre as a whole.
Circulation changes can be explained within the context of linear Sverdrup theory. As pos-
itive wind stress increases, so do negative Ekman velocities across the region, resulting in an
increase in equatorward Sverdrup transport across the southern branch of the Indian Ocean
supergyre. Through continuity, this must be balanced by an increase in poleward flow in the
western boundary south of the zero anomaly zone. Increases in the intensity of the south-
ern branch of the supergyre implies that westward leakage transport may also increase. The
SHWp40 case (Fig. 6.3c), where the Indo-Atlantic branch of the supergyre appears to be in-
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tensified, is consistent with previous investigations of the global ocean circulation response to
stronger westerly winds implied by recent NCEP reanalysis trends (Cai, 2006) and global model
experiments (Biastoch and Böning, 2013; Durgadoo et al., 2013).
The response of the greater Agulhas system to modified westerly wind intensity is summarised
in Fig. 6.4. Invariably, all models show an Agulhas leakage which increases with positive
westerly wind stress curl (Fig. 6.4a, blue shapes). Within the context of the experiments
here, this suggests that the leakage plays a passive role in the circulation of the supergyre,
and is determined by the basin-scale circulation patterns in the South Indian Ocean and South
Atlantic Ocean (Durgadoo et al., 2013). The similarity in the magnitude of the responses in
AGIO (1/4o), ORCA05 (1/2o) and INALT01(1/4o) with regard to the change in leakage with
westerly wind stress, indicates that, while model resolution may determine the mean leakage
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Figure 6.5: As in Fig. 6.3 but for the Agulhas source regions, countered at 5 Sv intervals. The black
and red contours follow the 0 and 55 Sv contour line. The black transects indicates the AC32 and AC30
float release section for the ARIANE experiments described in Fig. 6.4.
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Figure 6.6: Transport across the STFL and RCL transects in the westerly wind intensity experiments.
Stars shows the analogous values for the AGIO-ACCp40 experiment.
value, the sensitivity to changes in the basin scale winds is largely independent of grid-spacing.
This is used as justification for the decision to not repeat the AGIO suite of experiments with the
ARC112 configuration. Notably, while AGIO shows a linear response in leakage, as measured by
both Lagrangian and Eulerian approaches, INALT01 and ORCA05 show a non-linear response,
which is weaker when wind stress is increased. This non-linearity, and the implied existence of
a potential threshold in Agulhas leakage at high wind stress values is consistent with the results
of Le Bars et al. (2012), and will be discussed further in section 6.4.3.
Discrepancies in the behaviour of the Agulhas Current between the three models seem more
pronounced. When measured at 32oS, INALT01 and ORCA05 show small decreases in west-
ern boundary current transport. Conversely, AGIO shows a non-linear increase. However, this
increase is attributable to the northward expansion of the gyre in the SHWp20/SHWp40 ex-
periments, as shown in Fig. 6.5. When measured at 30oS (Fig. 6.4a, green triangles), the
Agulhas Current flux shows a slight (though non-linear) decrease in response to strengthening
westerly winds, consistent with the global model values measured further south. This suggests
an inconsistency in the response of the gyre in the regional and global models, which does not
appear to expand northwards of 32oS in the latter.
Consistent with Le Bars et al. (2012), the flux across the STF increases with strengthening
wind stress (Fig. 6.6, grey), rising from 2 Sv in the SHWm40 experiment to 5 Sv in the SHWp40
simulation. The response in the Agulhas Return Current appears minimal, with a total change
of only 1 Sv throughout the experiments. However, in part this is due to the to the sampling
of the displaced subgyre in the SHWm40 case (see the closed circulation loop along 30oS in
Fig. 6.3b). Floats crossing the RCL transect at 35oE are predominantly determined to be in
the return current itself. However, plotting the final float positions for this transect by latitude
(Fig. 6.7) shows that the displaced subgyre recirculation is also included in the RCL transport
estimate.
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Figure 6.7: Transport across the RCL section by latitude in the westerly intensity experiments.
6.4.2 Equilibrium responses 2: westerly wind shifts
North of the sub-tropical front, the basin scale circulation response to the NTH4 anomaly (Fig.
6.8) is similar to that previously shown for the SHWp40 case. The equatorward shift in the zero
line of wind stress curl results in an increase in the positive curl value north of 40oS due to the
stronger meridional gradient in the zonal wind (∂τx/∂y increases as ∂y decreases). South of the
STF, the response differs and the cyclonic flow in the ACC strengthens due to the increasingly
negative wind stress curl here. As before, the Indian Ocean shows no circulation changes north
of 32oS, and the South Atlantic subtropical gyre response is similar to that seen in the Indian
Ocean.
As in the previous section, increases in wind stress curl, here driven by northward shifting of
the zero line, produce an increase in Agulhas leakage in all three models (Fig. 6.9). The effect
is less pronounced than in the SHWp20/SHWp40 intensity experiments, as the modulation of
wind stress curl is not as large. The Agulhas Current response is also similar to what was seen
in the previous section, with AGIO showing a increase in western boundary current flux at 32oS
as recirculation in the intensified subgyre expands slightly to the north.
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Figure 6.8: As in Fig. 6.3 but for the AGIO-NTH4 experiment.
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Figure 6.10: Temperature at 100 m and position of specified fronts in (a) AGIOr, (b) AGIO-NTH4
and (c) AGIO-ACCNTH4. The green contour represents the 12oC at 100 m (Orsi et al., 1995). The
black, magenta and cyan contours represents the respective maximum meridional gradients in surface
SSH and salt and temperature gradients at 100 m. The dark grey contours show the positions of the
SSTF measured by the 35.0 isohaline (Belkin and Gordon, 1996). The blue contour and line show the
respective positions of the zero line of wind stress curl and mean zero line of wind stress curl across the
domain.
From Fig. 6.10, it is clear that despite a substantial equatorward shift in the zero line of wind
stress curl of 3.9o in the AGIO-NTH4 experiment (panel b and Table 6.2), there is no concomitant
displacement of the STF. The positions of the maximum SSH gradient, maximum temperature
and salt gradients at 100 m, the 12oC isotherm at 100 m (Orsi et al., 1995) and the 35.0 isohaline
(Belkin and Gordon, 1996) deviate from the reference value by a maximum poleward value of
0.6o. To remove the possibly that regional boundary conditions are constraining the front
position, the same analysis is performed in the AGIO-ACCNTH4 experiments, where ORCA05-
NTH4 derived boundary conditions are applied. In this case, the deviations from the reference
run do not exceed 0.2o.
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AGIOr NTH4 ACCNTH4
Lat. zero wind stress curl (blue) -46.7 -42.8 -42.8
Lat. 12oC isotherm (green) -41.2 -41.0 -41.0
Lat. max. merid. temp gradient (magenta) -41.9 -41.9 -42.1
Lat. max. merid. salt gradient (cyan) -42.1 -41.5 -41.9
Lat. max. merid. SSH gradient (black) -42.1 -41.5 -42.1
Lat. SSTF (grey) -39.2 -39.0 -39.1
Table 6.2: Mean latitude of the contours shown in Fig 6.10.
6.4.3 The role of the Antarctic Circumpolar Current
As mentioned above, the global models show a non-linear leakage response to changes in westerly
wind intensity, while AGIO does not. While the ACC is free to globally adjust in ORCA05
and INALT01, its large-scale structure and transport in AGIO is fixed by the application of
the ORCA05r boundary conditions. Le Bars et al. (2012) suggest that cross-frontal mixing
between the ARC and ACC may play a role in determining leakage. At extreme values of
wind stress curl, the Agulhas leakage is asymptotically limited to a maximum value under a
turbulent regime where cross frontal mixing between the ARC and ACC becomes substantial.
Durgadoo et al. (2013) record such an effect in the global models presented here (INALT01 and
ORCA05), noting that, due to Rossby wave adjustment of the ACC, the Agulhas leakage value
falls back to near the reference value 20 years after the anomaly is applied. The AGIO-SHW
experiments are immune to this adjustment as the ORCA05r boundary condition values are
imposed. Consequently, AGIO shows a linear response to westerly winds intensity, while as a
result of the adjustment of the ACC, ORCA05 and INALT01 do not. To ascertain if the regional
model shows a consistent response, the AGIO-ACCp40 experiment is performed using boundary
conditions extracted form year 41-60 of the ORCA05-SHWp40 run (Table 6.1).
The twenty year mean values for the Agulhas Current is consistent with the AGIO-SHWp40
value, but the leakage for this experiment is shown in the grey triangle on Fig. 6.4. Similarly,
the values for STF and return current flux are show in the stars on Fig. 6.6. Consistent with
the global models, the leakage in AGIO-ACCp40 shows a lower value than previously seen in
the non-adjusting case, confirming the the role that ACC adjustment plays in determining, and
reducing, the leakage value. Surprisingly, transport across the STF, while still higher than the
reference value in AGIO-ACCp40, is lower than in the ACC-SHWp40 case. However, Agulhas
Return Current transport is much higher, suggesting that further cross frontal mixing may occur
east of 35oE in this simulation.
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6.4.4 Revisiting modern-day multi-decadal variability
In the CORE v.2b interannual reanalysis fields used to force the AGIOi and ARC112i hindcasts
(as well as the AG01 hindcast of Biastoch et al. (2009b)), the zero line of wind stress curl shows
a poleward shift of 2o and ∼25% increase in wind stress curl between 35oS and 48oS since 1960
(Fig. 6.11). Through the arguments presented here, changes in the magnitude of the westerly
winds should be associated with changes in the Agulhas leakage if the ACC has not yet had time
to adjust. Fig. 6.12 shows the correlation between the anomaly in the zonal mean westerly wind
stress curl between 45oS and 41oS and the transport anomaly in the Agulhas leakage. In the first
instance (panels a and b) the time series is not detrended, and the low frequency linear trend
in both leakage magnitude and westerly wind stress curl remains present. Positive correlations,
significant at >99% are seen in both models, irrespective of the leakage quantification method
used. Further, the results from the AGIO-SHWm40/p40 experiments (shown in blue stars) lie
along the linear regression line in all cases.
However, it is clear from the distribution of transport values that higher leakage values









































































Figure 6.11: Left panel; Decadal change in zonally mean wind stress curl between 20oE and 115oE.
Right panel; Hovmoller plot of the annual zonal mean wind stress curl. The southern zero line is shown
in the heavy black contour between 48oS and 45oS. The Hovmoller plot is limited in the south by the
extent of the AGIO model domain.
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Tpas corr: 0.56234 p: 0.0018417
Aria corr: 0.60281 p: 0.0011168







































Tpas corr: 0.59045 p: 0.0009406
Aria corr: 0.52433 p: 0.0059651







































Tpas corr: 0.35018 p: 0.067722
Aria corr: 0.465 p: 0.016686







































Tpas corr: 0.41789 p: 0.026911
Aria corr: 0.37866 p: 0.056447
a b
c d
Figure 6.12: Correlations between time series of the Agulhas leakage anomaly (from the 1948-2007
mean) and the zonal mean wind stress curl between 41oS and 45oS for (a) AGIOi, (b) ARC112i, (c)
detrended AGIOi time series and (d) detrended ARC112i time series. Grey-scale dots represent biannual
Agulhas leakage values measured by Lagrangian floats. Red-scale dots represent biannual Agulhas leakage
values measured by Eulerian passive tracer flux. Dot colour is scaled by time, with darker dots indicating
values which occur later in the record. r and p values for the correlations are given below each plot (Tpas=
Eulerian, Aria=Lagrangian). The linear regression line for each time series is given in the respective
colour, surrounded by the shaded 95% confidence interval. The blue stars in panels a and b represent
the Lagrangian Agulhas leakage and wind stress curl anomalies derived from the AGIO-SHWm40/p40
experiments (Table 6.1).
overwhelmingly occur later in the time series (darker grey and red colours indicate later time
series value). To remove the low frequency bias, the same correlation is conducted on the
detrended time series (panels c and d). While the correlations weaken, both AGIOi and ARC112i
show a positive correlation between the westerly wind stress and Agulhas leakage magnitude
that is significant at >93% in all cases, and at >98% in the Lagrangian determined leakage
estimates in AGIOi (panel c). This suggests that the dynamical link between the westerly
winds and Agulhas leakage does not solely arise due to the long term trend in the two signals,
but is indicative of an dynamical interannual link between the two.
Conversely, when the same analysis is performed, but comparing the transport of the Agulhas
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Tpas corr: −0.5573 p: 0.0020645
Aria corr: −0.40339 p: 0.041004






































Tpas corr: −0.47159 p: 0.011297
Aria corr: −0.14246 p: 0.48754






































Tpas corr: 0.084885 p: 0.66758
Aria corr: 0.4109 p: 0.037045






































Tpas corr: −0.16152 p: 0.41158
Aria corr: 0.20058 p: 0.32586
a b
c d
Figure 6.13: As in Fig .6.12 but for Agulhas Current transport anomaly versus Agulhas leakage anomaly.
Current with the Agulhas leakage (Fig. 6.13), it appears that the anti-correlation between the
two (previously documented by van Sebille et al. (2009b)), is only present here as a result of the
long term trends in the two signals. While both AGIOi (panel a) and ARC112i (panel b) show a
statistically significant anti-correlation where the long term variability is included (excepting the
ARC112i Lagrangian estimate), the former shows a small positive correlation between the two
once the time-series is detrended (panel c) and ARC112i suggests that no correlation is present
(panel d). These latter results are consistent with the findings of chapter 5 where Agulhas
Current strength in AGIO was shown to positively influence the leakage, while in ARC112 the
two appear to be largely decoupled.
6.5 Discussion
Palaeoceanographic studies suggest that changes in the latitude of the STF, driven by a shifting
of the zero line of wind stress, may play a key role in determining the transition between glacial
and interglacial states (Bard and Rickaby, 2009; Zahn et al., 2010; Caley et al., 2012). Under
6.5. Discussion 161
this hypothesis, an equatorward shift in the zero line would ‘choke’ the Agulhas gateway due
to the decreased distance between the STF and the African continent, reducing leakage during
glacial periods (de Ruijter et al., 1999a). Here, the opposite response is seen. However, the
state of the westerly winds during the Last Glacial Maximum (LGM: ∼ 17 kyr ago) is an
issue of much debate. Modelling studies variously suggest an intensification and poleward shift
in the southern hemisphere westerlies (Anderson et al., 2002; Wyroll et al., 2000), weakening
winds with no shift (Rojas et al., 2009), and an equatorward shift (Toggweiler et al., 2006).
Consequently, interpreting the results presented here under the conditions present at the Last
Glacial Maximum is subject to a substantial degree of uncertainty.
Peeters et al. (2004) and Franzese et al. (2006) infer significant decreases in leakage during
the LGM. This reduction may have been accompanied by an ACC that was stronger that than
at present (Franzese et al., 2006; Otto-Bliesner et al., 2006), while the retroflection position
most likely mirrors the modern day (Franzese et al., 2009). The results shown here suggest
that reductions in the magnitude of the Agulhas leakage may be associated with one of three
cases; (1) a poleward shift in the westerly winds, (2) a weakening of the westerly winds, or
(3) a substantial increase in the transport of the ACC, driving a reduction in leakage through
turbulent mixing between the return current and water masses south of the STF (Le Bars et al.,
2012), possibly increasing the ventilation of the subtropical Indian Ocean gyre by water masses
from the Southern Ocean (Simon et al., 2013).
It is crucial to note that, despite quantifying its position with multiple methods, none of
the experiments express a substantial change in the latitude of the STF. Only the surface winds
are changed during these experiments. All other surface fields, such as air temperature and
precipitation remain at their reference values. While Graham et al. (2012) determined that
the southern fronts of the ACC are strongly constrained by topography, they argue that the
STF is predominantly wind controlled. In the experiments performed here it is clear that here
the dynamical effect of the winds alone is not sufficient to modify its position, perhaps due to
the constraints placed on the forcing. In addition, the timescales of the simulations presented
here is too short to capture the indirect effects of the winds on processes such as deep and
bottom water formations, which may in turn modify the positions of the frontal systems of
the ACC (Downes et al., 2011; Spence et al., 2010; Graham et al., 2012). In contrast, Sijp
and England (2008) performed sensitivity experiments in which a northward westerly shift was
applied in a coupled model of intermediate complexity where air-sea heat and salt fluxes were
free to evolve. The authors recorded an associated northward displacement in the STF in their
simulation. However, substantial differences between the very coarse resolution model used by
Sijp and England (2008) (a 3.6o longitude by 1.8o latitude grid) and those presented here make
it difficult to compare the results directly given the likely very different representations of the
western boundary system and Agulhas retroflection.
In the modern climate paradigm, two hindcasts by Rouault et al. (2009) and Biastoch et al.
(2009b) assert that the Agulhas leakage has increased in recent decades, ascribing the signal to
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changes in the southern hemisphere westerlies. In the latter case, the strengthening of the leak-
age is specifically ascribed to a poleward shift. Swart and Fyfe (2012) questioned the robustness
of this shift in reanalysis and climate models, suggesting instead that the intensification of the
winds is the dominant signal. The sensitivity analysis presented here suggests that a poleward
migration of the zero line of wind stress curl would serve to reduce the leakage, while a strength-
ening of the winds would result in an increase. The multi-decadal increase in Agulhas leakage
seen in the AGIOi and ARC112i (shown in Fig. 4.8 in chapter 4) shows an ∼25% increase in the
leakage value post 1960, consistent with the increase in wind stress curl between 35oS and 48oS
seen in the CORE v.2b reanalysis fields in the same period. The statistically significant linear
relationship between the Agulhas leakage transport anomaly and zonal mean wind stress curl
in the mid-latitude Indian Ocean in both AGIOi and ARC112i is consistent with the results of
the SHWxxx sensitivity experiments (Fig. 6.12). Consequently, it seems that the recent trends
in Agulhas leakage may be attributable to the ocean response to an ongoing strengthening of
the westerly winds, where the ACC has not yet adjusted. Biastoch and Böning (2013) suggest
that this trend is set to continue into the future. However, recovering stratospheric ozone (Son
et al., 2010) may serve to reduce the intensification of the westerlies (Watson et al., 2012), pos-
sibly resulting in a reduced leakage toward the end of the 21st Century. This process may be
additionally exacerbated by the adjustment of the ACC.
Recent hindcast analysis by van Sebille et al. (2009b) and Rouault et al. (2009) have linked
the transport of the Agulhas Current to the leakage, noting a respective anti-correlation and
correlation between the two transports. In chapter 5 it was shown that changes in the inertia of
the Agulhas Current driven by trade wind variability has almost no effect on the Agulhas leakage
providing that the grid-spacing is eddy-resolving. This left an open question as to how the
leakage could be modified. The parallel set of experiments conducted in this chapter show that
the leakage can respond strongly to changes in westerly wind intensification without a change in
the western boundary transport at 32oS. Intensification of the subtropical gyre predominantly
occurs south of 32o in this case, a consequence of the anomaly pattern imposed (Fig. 6.3).
Consequently, western boundary transport increases south of 32oS through an intensification
of the subgyre recirculation, and not through modification of the upstream source regions. In
reality, it is unlikely that the trade and westerly winds will vary separately, leading to an array
on non-linear responses in the greater Agulhas system. Together the findings of chapters 5 and
6 present ways in which the Agulhas Current transport and leakage can be modified with a high
degree of independence, and present an explanation for the modern trends seen in the latter.
These results do not exclude the findings of van Sebille et al. (2009b) or Rouault et al. (2009)
but do minimise the importance of the statistical link between Agulhas Current transport and




The AGIO model is used to systematically test the response of the greater Agulhas system to
independent idealised changes in the intensity and position of the southern hemisphere westerly
winds. Changes in the intensity of the westerlies are found to have greatest impact on Agulhas
leakage. Initially the leakage shows a linear response, increasing with intensified wind stress in
a manner consistent with the change in Sverdrup transport across the southern branch of the
supergyre. However, in the case of intensified winds, the large-scale adjustment of the ACC
serves to reduce the leakage anomaly through increases in cross frontal mixing.
Counter to previous studies, poleward shifts in the zero line of wind stress curl are shown to
induce an increase (decrease) in Agulhas leakage. This is due to the redistribution of momentum
flux across the southern branch of the supergyre and an increase (decrease) in the wind stress curl
equatorward (poleward) of the zero line. However, throughout the experiments, the dynamical
effect of the imposed wind anomalies is insufficient to move the position of the STF. This raises
concerns that the decadal timescale of the simulations and/or fixed air-sea fluxes may inhibit
its poleward migration, potentially under-representing the role that it may play in determining
the response of the system on glacial to interglacial timescales.
The results are compared to similar experiments performed with two global models, and
are found to be consistent in response. Consequently, while resolution may play a primary role
in determining the mean leakage value, it does not appear to determine the sensitivity to the
leakage to changes in the basin-scale wind pattern. Further, the large-scale determination of
the Agulhas leakage in this case suggests that the energetics of the retroflection may not play
a significant role in determining the leakage, echoing the results of the previous chapter, where
eddy-kinetic energy and leakage showed no relationship.
Multi-decadal changes in the Agulhas leakage expressed in the regional model hindcasts
are analysed within the context of changes in the southern hemisphere westerly winds. It is
determined that the recent ∼25% increase in leakage since 1960 is likely attributable to a ∼25%
increase in positive wind stress curl over the Indian Ocean between 35oS and 45o, and not
to the poleward migration of the zero line of wind stress curl (which, by this analysis would
be associated with a leakage reduction). It is shown that modification of Agulhas leakage
may occur through an intensification of the subgyre, and may not be reflected in transport
changes in the Agulhas Current at 32oS. As such, while the AGIOi and ARC112i hindcasts
show statistically significant anti-correlations between transport of the Agulhas Current and
leakage on long timescale, these relationships largely vanish once the time-series are detrended,
This suggests that the leakage responds more strongly to the large-scale wind field than it does
to local inertial processes.
Chapter 7
Final conclusions: Key findings and
further research
This study was designed to address the following key questions, as presented in chapter 2:
• What is the structure and magnitude of the Agulhas leakage, and how has this changed
in recent times? (Chapter 4)
• How do the source regions of the Agulhas Current respond to changes in the trade wind
pattern across the Indian Ocean? (Chapter 5)
• How do these changes propagate downstream in the western boundary, and what is the
effect on the Agulhas leakage? (Chapter 5)
• What effect do the westerly wind changes have on the Agulhas leakage? (Chapter 6)
• Can separation of the wind fields into the trade and westerly wind systems provide an
insight into the interannual trends in the Agulhas Current and leakage? (Chapter 6)
Here, the work conducted in this thesis is summarised, culminating in a point-by-point address
of these key questions and a discussion of the future application and expansion of this research.
7.1 Concluding summary
Two Regional Ocean Modelling System configurations, AGIO and ARC112, have been developed
to determine the response of the greater Agulhas system to changes in the trade and westerly
wind patterns of the South Indian Ocean and South Atlantic Ocean (Chapter 2). The basin-
scale responses have been investigated on interannual time scales and through a series of idealised
climatological sensitivity experiments. The AGIO configuration captures the mesoscale variab-
ility of the greater Agulhas system, including the source regions, at eddy-permitting resolution.
ARC112 builds on this capability through the deployment of an eddy-resolving nest that spans
the Southern Agulhas Current, retroflection and Cape Basin.
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The performance of the two configurations has been extensively assessed through comparis-
ons with observed tracer field distributions, altimetry, in situ measurements, comparison with
oceanographic reanalysis products and time series of Indian Ocean climatic modes (Chapter
3). The simulated Indian Ocean and Atlantic Ocean water mass properties are shown to be
consistent with those present in the WOA05 climatology. However, AGIO and ARC112 are
limited in their ability to accurately simulate the distribution of these water mass properties,
especially in regions of high turbulence. These deviations are variously attributable to the lack
of a river run-off scheme, inherited bias from the ORCA05 boundary conditions, the cumulative
effects of residual errors in diffusion, which are more severe in larger domains, and possible inac-
curacy in the WOA05 fields at the western boundary. Interannually, AGIO and ARC112 express
sea-surface temperature anomalies consistent with the Tropical and Subtropical Indian Ocean
dipole modes, reflecting favourably on the performance of the bulk formulation in translating the
forcing fields into the surface ocean. Comparison of tropical cyclone heat potential in ARC112
with SODA and estimates derived from ARGO floats and the XBT record confirms that the
basin-scale configurations appropriately simulate interannual thermal signals in the thermocline.
Simulated mean SSH for the 1992-2007 period compares well with AVISO absolute dynamic
topography, implying that the basin-scale circulation in AGIO and ARC112 is well approxim-
ated. However, while the Agulhas Current transport compares well with published flux estimates
at 32oS, transport from the upstream source regions is shown to be higher than that observed,
while contributions derived from subgyre recirculation are smaller. The magnitude and pattern
of simulated mean and EKE across the upstream Agulhas are consistent with that derived from
altimetry, reflecting an eddy dominated Mozambique Channel, dipole formation in the SEMC
and coherent mean flow at the western boundary. Despite being inertially governed, the mean
retroflection position in both AGIO and ARC112 is further west than expected, though less so
in the latter, where higher resolution improves the representation of topography. Both config-
urations express circulation and EKE pattern that are similar to that derived from altimetry
at the retroflection, producing Agulhas rings and avoiding spurious systemic upstream recircu-
lations. However, the imposition of the high-resolution nest in ARC112 results in a substantial
improvement in the representation of the Agulhas leakage. Passive tracer based Eulerian leak-
age estimates fall from a mean value of 27.6 Sv in the AGIOi hindcast to 18.9 Sv in ARC112i.
The latter value is more comparable with results implied from observed Lagrangian drifters. In
addition, ARC112 mirrors the observed EKE and MKE trends seen between 1992 and 2007.
Multi-decadal changes in the structure and magnitude of the Agulhas leakage are investigated
using complementary Eulerian and Lagrangian approaches. Eulerian techniques are based on the
imposition of a passive tracer that explicitly labels Indian Ocean waters. Lagrangian fluxes are
determined using the ARIANE package. Comparison with passive tracer based leakage estimates
shows that the Eulerian fluxes based on water mass criteria are likely to underestimate leakage
by up to 50%. While annual Lagrangian and passive tracer-based Eulerian leakage fluxes are
consistent at high-resolution (e.g. in ARC112), the overly westward retroflection position in
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AGIO produces a discrepancy between the two. The leakage is predominantly confined to the
top 1500 m. Separation of the vorticity and non-vorticity governed components through an
Okubo-Weiss parameterisation shows that, at the GoodHope Line, only 30% of the exported
Indian Ocean waters are contained within eddies. Of this, there is a 2:1 ratio of transport
in anti-cyclones and cyclones. In total, this flux of Indian Ocean waters makes up v50% of
the thermocline waters on the Cape Basin, which are well mixed across the region, with the
remaining waters of Atlantic origin. The Agulhas Current and leakage exhibit a substantial
degree of interannual and decadal variability. In the last 50 years, the former shows a long-term
decrease in transport, while the latter shows a strengthening. The dominant flux increase arises
through the non-eddy flow components. Multi-decadal increases in the eddying component are
much weaker, especially for anticyclones.
Using an eddy detection and tracking scheme, based on a hybrid-criteria that combines
the use of the Okubo-Weiss parameter and closed SSH loops, the trajectories and specifics of
simulated Agulhas Rings and cyclones are compared with altimetry. The ARC112i hindcast is
able to reproduce eddies in all three of the recently observed paths across the Cape Basin. The
trajectories, number, radii of anti-cyclones and cyclones in these three paths are reproduced with
a high degree of fidelity, though the central path is under-represented and eddy speeds show a
25% positive bias in eddy speed, which is partially attributable to differences in the sampling
timebase. The small multi-decadal increase in the magnitude of the eddy component of the
Agulhas leakage is attributed to an increase in Agulhas Ring speed over time and a progressive
increase in the size of cyclones in the Cape Basin.
The sensitivity of the greater Agulhas system to changes in the magnitude of the Indian
Ocean trade winds is assessed through the imposition of a series of idealised wind stress anom-
alies. Transports in the MZC and SEMC increase linearly with wind stress. In the former case
this is associated with increased mesoscale variability associated with MZC eddies. In the latter,
increased westward flux in the SEMC reduces the contributions to the SICC, increasing EKE
between the SEMC and Africa, and reducing it offshore and to the east. While the Agulhas
Current at 32o is shown to vary linearly with changes in wind-stress, the transport anomaly is
less than that expected through the Sverdrup relationship. Here, it is demonstrated that these
transport anomalies persist southward due to western boundary inertia, reaching the retroflec-
tion. However, despite substantial changes in Agulhas Current transport of up to 20 Sv, there is
only a substantial change in the leakage at coarse and eddy-permitting resolution. In the eddy
resolving case, the leakage shows almost no sensitivity to western boundary inertia, a result that
is confirmed in a global model under similar conditions. The retroflection position is shown to
vary little in this case, and the western boundary transport anomaly is reflected in increased
transport in the Agulhas Return Current and across the subtropical front. The decoupling
between the transport of the Agulhas Current and magnitude of the leakage suggests that there
is not a strong dynamical link between the two. Further, large changes in EKE during these
experiments suggest that it may not be a suitable proxy for leakage.
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In a final set of sensitivity studies, the sensitivity of the greater Agulhas system to changes in
the westerly winds is considered. Under these conditions, the leakage shows a linear response to
changes in westerly wind intensity, which arises due to modification of the southern branch of the
supergyre and increased equatorward Sverdrup transport that augments the local recirculation in
the subgyre. It is demonstrated that these changes may occur without substantial modification
of the Agulhas Current at 32oS. Independent modification of the current and leakage through the
trade and westerly winds, respectively, implies that the trends seen in the AGIOi and ARC112i
hindcast, as well as in other recent modelling studies, can be ascribed to the long-term changes in
the appropriate wind belt. Under this interpretation, correlations (or anti-correlations) between
Agulhas Current transport and Agulhas leakage magnitude may be present, but do not represent
an exploitable link between the two.
Further sensitivity experiments, where the influence of the ACC is considered, suggest that
more vigorous flow south of the subtropical front may reduce the leakage via an increase in cross
frontal mixing between the frontal system and the return current. Latterly, in chapter 6, an
investigation of the response of the Agulhas system to a northward migration of the zero line
of wind stress curl resulted in an increase in leakage, due to a redistribution of wind energy
and momentum flux to north of the zero line of wind stress curl. No concomitant shift in the
subtropical front was seen in these simulations, suggesting that longer term thermohaline forcing
may play a role in determining its position. This suggests that a previously held palaeoclimatic
hypothesis, that, at the Last Glacial Maximum, an equatorward migration of the westerly winds
may concomitantly result in an associated equatorward shift in the subtropical front and a
reduction in Agulhas leakage (Bard and Rickaby, 2009; Zahn et al., 2010), may need revisiting.
7.2 Key Findings
The key results of this work are laid-out below in a point-by-point address of the main questions;
Chapter 4: What is the structure and magnitude of the Agulhas leakage, and
how has this changed in recent times?
Within the context of an eddy-resolving hindcast, the Agulhas leakage is shown to have a mean
transport of 18.9 Sv at the GoodHope line, and in the Cape Basin is predominantly confined to
the top 1500 m where Indian Ocean water masses comprise up to 50% of the thermocline water.
Division of the leakage into non-eddy, eddy and coastal fluxes yields respective contributions of
60%, 30% and 10%, with the eddy component split between anticyclonic and cyclonic contribu-
tions at a ratio of 2:1. Agulhas Rings and cyclones, captured in all three observed trajectory
paths through an eddy tracking scheme, are shown to contribute to a multidecadal increase in
Agulhas leakage through respective increases in speed and size. However, the dominant contrib-
utor to the strengthening leakage is through non-eddy flux.
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Chapter 5: How do the source regions of the Agulhas Current respond to changes
in the trade wind pattern across the Indian Ocean?
Changes in wind stress curl, driven by an intensification or reduction of the trade winds pro-
duce a linear response in the transports in the Mozambique Channel and in the South East
Madagascar Current. In the channel, these changes are associated with increases in eddy flux
and higher mesoscale variability. East of Madagascar, the link between the South East Mada-
gascar Current and South Indian Counter Current weakens as winds intensify and the former
becomes stronger. Consequently, the mean flow and mesoscale variability between the island
and the African coast increases under intensified winds, while the SICC becomes weaker and
more stable. The opposite situation occurs under weakened winds.
Chapter 5: How do these changes propagate downstream in the western bound-
ary, and what is the effect on the Agulhas leakage?
The Agulhas Current responds linearly to changes in trade wind stress, but the response is
less than expected by Sverdrup dynamics due to eddy-mean interaction the western boundary
and the inclusion of ITF water masses. Increased advection is compensated for by vortex stretch-
ing between 28oS and 30oS. Due to inertia, transport anomalies in the western boundary persist
to the retroflection, despite no direct wind forcing anomaly being applied here. Modification of
the upstream transport of the Agulhas Current at 32oS has no effect on the magnitude of the
Agulhas leakage at eddy-resolving resolution. Agulhas Current transport anomalies are reflected
in the downstream transport in the return current and across the subtropical front.
Chapter 6: What effect do the westerly wind changes have on the Agulhas leakage?
Intensified westerly winds produce an intensification of the southern branch of the supergyre,
and an increase in equatorward Sverdrup transport in the Indian Ocean. The resulting increase
in subgyre recirculation and, through continuity, modification of the northern branch of the
supergyre drives in a linear increase in the Agulhas leakage, determined at the basin scale. The
Agulhas Current is not necessarily affected. Secondarily, adjustment off the ACC to increases
in westerly wind intensity reduces the magnitude of the leakage anomaly, due to increased cross
frontal mixing in the return current. Northward shifts in the zero line of wind stress curl redis-
tribute the momentum flux of the wind, increasing the maximum curl value to the north, and
driving an increase in leakage. This is in contrast to a previously proposed palaeoceanographic
mechanism under which a reduction of leakage occurs during a northward shift of the winds at
the Last Glacial Maximum (Bard and Rickaby, 2009; Zahn et al., 2010).
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Chapter 6: Can separation of the wind fields into the trade and westerly wind
systems provide an insight into the interannual trends in the Agulhas Current and
leakage?
The Agulhas Current responds strongly to changes in trade wind stress, with no consequences
for the leakage. The leakage responds strongly to changes in the westerly winds, without neces-
sarily affecting the Agulhas Current. Provided the ACC does not fully adjust, recent changes
in the leakage may be attributable to recently observed intensification of the westerly winds,
irrespective of the changes in the volume transport of the Agulhas Current. Consequently, differ-
ing multidecadal trends in the Agulhas transport at 32o, reported in recent hindcasts (Biastoch
et al., 2009b; Rouault et al., 2009), may arise due to differing trends in the strength of trade
winds, but are unrelated to the Agulhas leakage.
7.3 Further research
While ARC112 and AGIO satisfactorily simulate the greater Agulhas system, producing and
expanding upon a set of results that are consistent with global models, there is substantial
scope for improvement and a number of ways in which these results can be expanded.
There are two specific ways in which the current AGIO/ARC112 configurations can be
improved. Firstly, to address the current issues with the distribution of tracer properties it
would be advantageous to repeat the hindcast simulation using boundary conditions drawn from
SODA, and to include the most recent developments in ROMS v.3, which include an improved
implementation of the rotated diffusion operator along iso-neutral surfaces. Ideally, this would
allow for better constraint of the tracer values at the boundary, and improve the conservation
of these properties within the domain. The incorporation of a river run off scheme may also
serve to improve the representation of the tropical East Atlantic and the Mozambique Channel
through the addition of, for example, the Congo River and Zambezi River, amongst others.
Secondly, the latter may also be improved by extending the western boundary of the domain to
South America, allowing the tropical Atlantic to be fully realised as well as capturing the full
Indo-Atlantic branch of the supergyre.
While the ring tracking programme used here has been proven effective at identifying and
following the surface expression of anticyclones and cyclones in the Cape Basin it does not
allow for a quantitative analysis of the flux of Indian Ocean waters out of Agulhas Rings.
Expanding the ring tracking method to determine of coherent features in the vertical, possibly
via the combined use of an Okubo-Weiss parameter and closed loops of steric height, may
allow for a fuller representation of the eddy field. Subsequent comparison of this field with the
distribution of the Indian Ocean passive tracer would facilitate a better understanding of the
mixing processes that define that define the hydrography of the Cape Basin. The approach was
previously considered by de Steur (2004), but only with single idealised eddies, and is worth
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extrapolating further.
To encapsulate a wider range of potential palaeoclimatic scenarios, it may be useful to
extend to sensitivity analysis to include more extreme states. Of greatest interest would be
incremental northward shifts in the zero line of wind stress curl to isolate whether a severing
of the supergyre through the dynamic effects of the winds is possible, and, if so, under what
conditions. In addition, it would perhaps be interesting to compare the current climatological
results with regionally simulations forced with boundary conditions derived from simulations of
the Last Glacial Maximum, such as those produced by the Palaeoclimate Model Intercomparison
Project (PMIP).
Cross-frontal mixing in the retroflection region is determined from the flux of Lagrangian
virtual floats across the nominal STFL section. However, this may prove limiting in two respects.
Firstly, mixing may occur over the entire extent of the return current and here the eastern
boundary of the Lagrangian control domain is placed at 35oE. Secondly, the static STFL transect
does not accurately represent the meanders in the front, nor its spatial and temporal evolution.
As the passive tracer is initialised at 70oE, it also cannot be used to quantify the southward flux
of Indian Ocean waters east of this point. Accurate quantification with passive tracers may be a
viable option, but will require future a re-initialisation of tracers which label Indian Ocean and
Southern Ocean waters and a more expansive representation of the ACC.
Extending this idea further, the role of the ACC in determining the magnitude of the leakage
remains something of an open question. Although recent studies such as the ones made by Le
Bars et al. (2012) and Durgadoo et al. (2013) have identified conditions under which cross
frontal mixing may become substantial, the focus tends toward responses to changes in westerly
wind stress. Specific focus on processes that govern the interface between the Agulhas Return
Current and the ACC, via the subtropical front may be essential in determining the response of
the leakage on palaeoclimatic timescales.
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Appendix1: publication abstracts
Chapter 5; Loveday, B. R., Durgadoo, J., Reason, C. J. C., Biastoch, A. and Penven, P. De-
coupling of the Agulhas leakage from the Agulhas Current. (accepted; J. Phys. Oceanogr.)
The relationship between the Agulhas Current and the Agulhas leakage is not well understood.
Here, this is investigated using two basin-scale and two global ocean models, of incrementally
increasing resolution. The response of the Agulhas Current is evaluated under a series of sensit-
ivity experiments, in which idealised anomalies, designed to geometrically modulate zonal trade
wind stress, are applied across the Indian Ocean basin. The imposed wind stress changes exceed
±2 standard deviations from the annual mean trade winds and, in the case of intensification,
are partially representative of recently observed trends.
The Agulhas leakage is quantified using complimentary techniques based on Lagrangian
virtual floats and Eulerian passive tracer flux. As resolution increases, model behavior con-
verges and the sensitivity of the leakage to Agulhas Current transport is reduced. In the two
eddy-resolving configurations tested, the leakage is insensitive to changes in Agulhas Current
transport at 32oS, though substantial eddy kinetic energy anomalies are evident. Consistent
with observations, the position of the retroflection remains stable.
The decoupling of Agulhas Current variability from the Agulhas leakage suggests that, while
correlations between the two may exist, they may not have a clear dynamical basis. It is sugges-




Chapter 6; Durgadoo, J., Loveday, B. R., Reason, C. J. C., Penven, P., and Biastoch, A.
(2013). Agulhas leakage predominantly responds to the Southern Hemisphere Westerlies. J.
Phys. Oceanogr., 43, 2113-2131.
The Agulhas Current plays a crucial role in the thermohaline circulation through its leakage
into the South Atlantic Ocean. Under both past and present climates, the trade winds and
westerlies could have the ability to modulate the amount of IndianÐAtlantic inflow. Compel-
ling arguments have been put forward suggesting that trade winds alone have little impact on
the magnitude of Agulhas leakage. Here, employing three ocean models for robust analysis − a
global coarse-resolution, a regional eddy-permitting, and a nested high- resolution eddy-resolving
configuration−and systematically altering the position and intensity of the westerly wind belt
in a series of sensitivity experiments, it is shown that the westerlies, in particular their intensity,
control the leakage. Leakage responds proportionally to the intensity of westerlies up to a certain
point. Beyond this, through the adjustment of the large-scale circulation, energetic interactions
occur between the Agulhas Return Current and the Antarctic Circumpolar Current that result
in a state where leakage no longer increases. This adjustment takes place within one or two
decades. Contrary to previous assertions, these results further show that an equatorward (pole-
ward) shift in westerlies increases (decreases) leakage. This occurs because of the redistribution
of momentum input by the winds. It is concluded that the reported present-day leakage increase
could therefore reflect an unadjusted oceanic response mainly to the strengthening westerlies
over the last few decades.
